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THEORIES OF DRUG ADDICTION 
A. L. TATUM anp M. H. SEEVERS 


Department of Pharmacology, University of Wisconsin Medical School, Madison 


The literature concerning the mechanism and nature of drug addic- 
tion is quite voluminous (1) (2) (3) (4) (5); consequently there will be 
given in this review as references only those studies which appear to 
the reviewers as illustrative of the different theories advanced. Each 
of the theories presented by students of this field undoubtedly contains 
instructive suggestions, aiding, each in its turn, the development of a 
more thorough understanding of the subject, drug addiction. 

In the literature, as well as in common parlance, considerable confusion 
exists as to the significance of various terms employed in considerations 
of drug addiction in a broad sense of the word. As a consequence there 
will be presented a brief discussion of the different terms employed in 
order that the reader may carry in mind the particular significance 
attached to the special terms (6) used in this review. 

Addiction is a condition developed through the effects of repeated 
actions of a drug such that its use becomes necessary and cessation of 
its action causes mental or physical disturbances. 

Tolerance is a condition developed by certain drugs such that pro- 
gressively larger and larger quantities are required to produce the ef- 
fects desired. Tolerance production is a quality of only certain of the 
drugs which produce addiction while, on the other hand, some other 
drugs produce an addiction with no developed tolerance, and finally 
some drugs produce a tolerance without recognizable symptoms of ad- 
diction. Therefore, tolerance development is a process not necessarily 
in all cases connected with addiction. In morphinism true addiction 
occurs accompanied in most instances by tolerance development; in 
cocainism we find an addiction with no unequivocal evidence of in- 
creased tolerance—in fact, the evidences point to an increased sensi- 
tivity. In the repeated use of organic nitrites we find a rapidly developed 
tolerance but none of the characteristics of addiction. 


107 


PHYSIOLOGICAL REVIEWS, VOL. XI, NO. 2 











108 A. L. TATUM AND M. H. SEEVERS 


Habituation is a condition in which the habitué desires a drug but 
suffers no ill effects on its discontinuance. . 

Abstinence symptoms are definite and more or less characteristic 
symptoms seen in addicts on sudden withdrawal of their drug. Without 
the occurrence of abstinence symptoms on withdrawal, a drug can 
scarcely be considered to produce true addiction. 

Studies of drug addiction have generally centered about opium and 
its derivatives, and consequently, ideas concerning other drug addic- 
tions are generally formed in such a manner as to relate to or differ 
from morphinism taken as a standard. It is to be expected that, in 
their fundamental aspects, all drug addictions will be found to be closely 
related. This being the probable situation, morphinism will receive 
the most attention, whereas questions of addiction to and actions of 
other drugs will be presented as subsidiary problems. 

The various theories of morphinism given below will be referred to 
again in subsequent sections to which they become pertinent. This 
grouping is given at this point for convenient reference for the reader. 

1. Inactivation of the drug. (Marmé 7; McGuigan and Ross, 8; 
Loofs, 9; Faust 10) 

In this scheme a rapid destruction or inactivating combination of the 
drug is assumed to occur to account for the development of tolerance. 

2. Cellularimmunity. (Cloetta, 11; Langer, 12;Schmidt and Living- 
ston, 13; Hirschlaff, 14) 

Wherein cells become irresponsive to the presence, and responsive to 
the absence of the drug, or according to Hirschlaff, immune body for- 
mation after the pattern postulated by Ehrlich for proteins. 

3. Psychosis, malingery, ‘“‘addiction per se.” (Light et al., 15) 

In this, the state of addiction is, by process of elimination, to be con- 
sidered essentially one of imagination or of wilful manifestations in 
order to enlist sympathy or to obtain more drug. This might be classed 
as a type of hysteria. At any rate, addiction is considered to be other 
than somatic. 

4. Nervous disorganization. (Wuth, 16; Barbour, 17; Tatum, Seevers 
and Collins, 6) 

Wherein the many manifestations are referred to abnormalities of 
the central nervous system which may or may not be demonstrable by 
cytological technique and due to the chronic state of poisoning. 

Morphinism. Under this general heading should be placed also the 
other opiate principles and derivatives, heroine, codeine, etc. Various 
students of this problem have studied the modus operandi and have 
contributed evidences which when adequately substantiated and ex- 
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tended must be correlated and integrated into a completed though com- 
plex whole. Facts must be recognized and harmonized, otherwise a 
one-sided conception is unavoidable. 

Early in the study of this problem the fact of tolerance development 
took a dominant position and hence attempts were made to view mor- 
phinism in the light of this fact. Faust believed that morphinism de- 
veloped in proportion to an increased capacity of the animal organism 
to destroy morphine. A careful study of Faust’s own protocols reveals 
the fact, however, that in the dog (the animal on which he made his 
observations), the minimal lethal dose of morphine was not raised. 
Cloetta (11) and later Riibsamen (18) found that the destruction of 


' morphine did not increase either sufficiently quickly or completely to 


be the major or sole factor and postulated the existence of tissue im- 
munity or non-responsivity towards morphine. Langer (12), working 
with heroine, came to the conclusion, based in part on the observations 
of non-tolerance of the vago-cardiac mechanism, emphasized by van 
Egmond (19) that only certain tissues became tolerant whereas other 
tissues retained more or less susceptibility to morphine. This view is 
supported in essence by Schmidt and Livingston (13). 

These last named authors have studied the often observed acute fall 
in blood pressure in dogs after an intravenous injection of morphine 
and then, after recovery from this fall, the progressive development of 
tissue tolerance. This is indicated by the fact that subsequent in- 
jections of morphine produce progressively less and less fall of blood 
pressure. This fact, they believe, demonstrates a tissue tolerance in- 
dicating differential tolerance development likely also occurring in 
varying degrees in other functional mechanisms. There are, however, 
many morphine addicts who for purposes of economy administer mor- 
phine intravenously to themselves several times a day and obtain there- 
from their customary relief from the beginning abstinence symptoms. 
This would indicate that vascular tolerance does not nullify the central 
depression which they desire. Their craving is satisfied even though 
morphine has ceased being effective in changing blood pressure. 

The existence of tissue tolerance does not ipso facto denote addiction 
in any general sense since such substances as the organic nitrites produce 
an equally striking tissue tolerance without the slightest indication of 
addiction. To admit that tolerance per se is the mechanism of addiction 
would imply the non-existence of morphine addiction as clearly as the 
non-existence of nitrite addiction. 

Among the advocates of drug destruction or alteration should be 
mentioned Marmé (7) who believed morphine to be oxidized to oxy- 
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dimorphine. McGuigan and Ross (8), in principle, support Marmé in 
their belief in some unidentified oxidation product being produced, 
which substance could account for the manifestations of stimulation 
produced by morphine. McGuigan and Ross have shown that mor- 
phine solutions, when partially oxidized in vitro, produce a much quicker 
stimulant effect on direct application to the exposed spinal cord than 
unoxidized morphine. This, then, led them to believe that unoxidized 
morphine is depressant in action, whereas on oxidation in vivo a stimu- 
lant product is formed which could account for the manifestations of 
stimulation. One should then expect the cat and those other animals 
which respond to morphine by stimulation to have a greater capacity 
to oxidize morphine than is possessed by dog or man. So far as we are 
aware, this has not been demonstrated. 

This view of McGuigan and Ross is difficult to reconcile with the 
observations of Tatum, Seevers and Collins (6) that after the adminis- 
tration of large doses of morphine there is seen a sequence of a, stage of 
depression; 6, stage of stimulation, and c, on progress to recovery, i.e., 
in those animals that do not die from the effects of convulsions, a third 
stage, characterized by depression. One would have to make a further 
postulation, first, that only a small fraction of the morphine is oxidized 
into a stimulant substance which is eliminated or destroyed more rapidly 
than the morphine which remains unoxidized, or second, that further 
oxidation of the stimulant derivative produces again a depressant sub- 
stance. 

The following experiment (42) seems difficult to explain by the hy- 
pothesis of McGuigan and Ross. A dog given morphine in the dosage of 
300 mgm./kgm. is depressed for one to three hours followed by convul- 
sions lasting thirty minutes to two hours terminating fatally. Further 
addition of morphine to elicit more depression as was observed after the 
initial dose did not result in effective depression. The stimulant action, 
however, is readily antidoted by barbiturates (6). 

The recent work of Pierce and Plant (20) and of Light (15) indicates 
that in both experimental addiction in dogs and in human addiction, 
the rate of destruction or elimination of morphine is generally pro- 
portional to the dosage rather than to the duration of addiction. A 
common cause of death of the human morphine addict is an overdose 
which kills in depression. The large dosage taken by the addict should 
then have furnished sufficient of the stimulant oxidation product to 
effect stimulation leading to convulsions rather than to depression. 
On the basis of these considerations, the hypothesis by Marmé and 
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by McGuigan and Ross leaves much to be desired in completing the 
pharmacologic picture of morphine addiction. 

Mention should also be made of the hypothesis of Loofs (9) to the 
effect that morphine enters into combination with a lecithin-like con- 
stituent of nerve cells. Essentially, Loofs postulated the substitu- 
tion of choline in lecithin by morphine. Addiction leads to more and 
more replacement of choline until no choline lecithin exists. The choline, 
not being held or taken up by the glycerophosphoric acid (of lecithin) 
remains in the blood stream and hence produces a short period of systemic 
choline poisoning. An excretion of choline then occurs. Withdrawal 
of morphine would leave a temporary deficiency of “lecithin” in nerve 
cells due to preceding loss of choline by excretion, as well as deficiency 
of morphine to take its place—hence, the abstinence phenomena. 

Such a view has, so far, while entirely possible, such a slight develop- 
ment and such meager supporting evidence that one is constrained to 
await further evidences along this line before it can be practically adapted 
to a working understanding of the mechanisms involved in morphine 
addiction. Since so little is known of the state of such simple substances 
as water and salt in living protoplasm, one hesitates to accept postula- 
tions of the exact type of combination of a complex substance like 
morphine with cell constituents. 

Teruuchi and Kai (21) have reported a deposition of morphine in 
muscle tissue and, as a result of this, came to the conclusion that storage 
capacity and addiction have an interdependent relationship. These 
authors claim that in chronic morphine poisoning muscles have developed 
a greatly increased capacity to store morphine; hence the large doses 
taken by the addict are quickly adjusted by virtue of rapid absorption 
in muscle. The morphine is then released rather gradually. Destruc- 
tion in tissues fairly approximates release from muscles so that the 
effects of morphine endure rather evenly throughout a period of several 
hours. This view constitutes a plausible hypothesis regarding tolerance 
but gives us no insight into the mechanisms of addiction, dissociable as 
it is into tolerance, responsivity and abstinence phenomena. 

Hirschlaff (14), Gioffredi (22) and others, on application of Ehrlich’s 
immunity doctrines, hold that morphine serves essentially as an antigen 
for the production of antibodies, the hypothetical antimorphine. This 
hypothetical morphine antibody was thought to raise passively the 
minimal lethal dose for non-immunized animals. When antimorphine 
is allowed to accumulate, during cessation of drug taking, the symptoms 
of abstinence arise due to unneutralized antimorphine. Most of these 
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authors became interested in morphine through an attempt to generalize 
on Ehrlich’s immunity doctrine. Ehrlich maintained that antibody 
formation and hence this type of tolerance occurred only to protein 
derivatives, whereas these authors believed it could apply also to im- 
munity or tolerance to alkaloids, though admittedly to an exceedingly 
small extent in comparison with tolerance development towards bac- 
terial toxins. 

A common criticism of the work of these investigators is that the 
supposed tolerance development is based on uncertain or inexact minimal 
lethal dosages both in the non-addicted and in the addicted animals. 

More recent investigators, Pellini and Greenfield (23), have failed 
completely to find any confirmatory evidences of anything in the blood 
which conveys to a recipient animal any agency adequate to passively 
increase morphine tolerance or to reproduce in animals symptoms even 
remotely similar to abstinence symptoms of the donor. Consequently, 
even in spite of general weakness of negative results, these immunistic 
views must be set aside for lack of unequivocal and acceptable evidences. 

Light (15), in a series of studies of the human addict, came to the 
conclusion that morphine addiction reveals so little bodily functional 
alteration that he leads us to believe that the symptoms are largely, if 
not entirely, psychic ormental. Inastudy of many laboratory analyses, 
he found no essential alteration so that the addict may be classed as 
physically normal. In comparison to the negative findings of Light, 
one should recall the positive behavioristic observations on dogs and 
on monkeys (6). Both these types of animals, and especially the mon- 
key, reveal high grade abstinence symptoms. It is inconceivable that 
dogs, monkeys, and infants (1) congenitally addicted, could malinger 
into essentially the same symptom complex as is seen in man. The 
symptom complex seen in dogs and monkeys during the abstinence 
period is absolutely different from the deportment of the dog which, 
accustomed to the effects of cocaine, looks to the approaching injection 
of cocaine with manifestations of intense delight and pleasant antici- 
pation, and during most of the time between injections appears per- 
fectly normal (24). Another pertinent fact should be recalled at this 
point. Chemical studies of blood and urine have revealed no signifi- 
cant abnormality in patients with dementia praecox (25) (26); yet any 
one but the patient himself could see that he is insane. The negative 
observations of Light are extremely interesting and point unequivocally 
to central nervous system or perhaps more localized cerebral functional 
pathology. 
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Barbour (17) has observed changes in water balance in dogs during 
addiction and abstinence stages of chronic morphinism. He finds evi- 
dences of depression of water metabolism during addiction and, during 
the abstinence phase, he finds an increased hydration, increased intake, 
output, water content of blood, and ‘‘probably of the tissues in general.”’ 
This set of conditions, the reviewers would point out, tends to implicate 
intracellular changes as primary, whereas the water mobilization might 
well be secondary to these cellular changes.!_ The abstinence symptoms, 
according to Barbour, appear to be referable to, or at least parallel to, 
excessive hydration. If hydration could be prevented, e.g., by a keto- 
genic diet coupled with water deprivation, the symptoms of abstinence 
might then be expected to be mollified or even prevented. 

These observations of Barbour may be correlated with the work of 
McQuarrie (32) in idiopathic epilepsy. In this work, McQuarrie main- 
tains that excessive retention of water in the brain tissue is related to 
the symptoms of this type of epilepsy. Since water deprivation serves 
as a prophylactic procedure, McQuarrie would seem to have quite con- 
vincing evidence as to correlative conditions. Whether or not dehydra- 
tion quiets or relieves the morphine addict from his abstinence symptoms 
is not so clearly demonstrated, so far as we are aware. However, the 
common use of large dosages of purgatives and of emetics in the treat- 
ment of abstinence symptoms on morphine withdrawal may be in effect 
an unwitting use of the principles employed by McQuarrie in treatment 
of epilepsy. Whatever the réle played by water metabolism, it follows 
that the loci of these changes in the central nervous system in morphine 
addiction must be limited and specific in order to account for the charac- 
teristic clinical and experimental manifestations of addiction and ab- 
stinence symptoms. These specific loci are in turn dependent upon 
selective affinities for or actions of morphine on certain functional or- 
ganizations in the central nervous system. 

The well-known fact that morphine addicts, be they man, monkey 
or dog, have developed an increased tolerance to depressants and in- 
creased sensitivity to stimulants (6) (33), is not in keeping with the 
view inferred by some that morphine addiction is either a conditioned 


1 Evidences bearing on this point are indicated in the work of Wilder (27), 
Rowntree (28), Harding and Harris (29), Harding and Van Wyck (30), and a series 
of papers by Curtis (31). Curtis’ hypochloremia studies, together with his 
studies on extrarenal diuretics, would rather definitely implicate disturbances in 
chloride mobilization as more nearly primary than water itself, which appears 
to be secondary to abnormalities of chloride or other intracellular constituents. 
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reflex (34) or a wilful attempt at deception, but points quite definitely 
towards an altered nervous correlation. This altered correlation due 
to chronic poisoning is logically due to changes in nervous mechanisms 
as manifestations of nervous pathology. Barbour’s observations con- 
stitute adequate evidence of concrete and measurable chemical changes 
which may well be one of the mediating agencies for the compensatory 
nervous reorganization as postulated by Tatum, Seevers and Collins (6). 
According to these authors, morphine produces manifestations of de- 
pression in certain functional portions of the central nervous system as 
well as manifestations of stimulation in others. Tolerance develops 
to depressants and increased susceptibility to stimulants (morphine has 
both stimulant and depressant capacities), and these being progressive, 
partially compensatory as well as unequal in duration, present an easily 
visualized mechanism by which much of the symptom complex of mor- 
phinism becomes intelligible and coérdinate. This céordinating view 
was developed not from a study of one animal species with its own species 
peculiarities but in several species so as to observe factors common to 
all, and which can be extrapolated to, and to a considerable extent con- 
firmed by, salient features in the human. The work of Tatum, Seevers 
and Collins led them to the following summary conclusions: 


1. Morphine simultaneously stimulates certain parts of the central nervous 
system and depresses others. 

2. Irritability increases with repeated administration of morphine because of 
the increment of stimulant effects. 

3. “Addiction” in dog, monkey and man is largely a question of physiological 
balance between stimulation and depression at any given level of irritability of 
the integrated nervous system. 

4. Abstinence symptoms are plainly due to the fact that stimulation of the 
nervous system, or increased irritability, outlasts the depression, and not to a 
specific need for this particular drug. 

5. The increased nervous irritability observed after the depressant effects have 
largely worn off are quieted by a larger dose of morphine. This increased dosage 
further augments the nervous excitability—hence, a vicious cycle is developed. 
Finally the increased nervous excitability becomes so extreme in both laboratory 
animals and man that no amount of morphine will suffice to produce sedation. 
This condition is the stage of intolerance. 


The view advocated by Kraus (35) to the effect that morphinism may 
be interpreted on the basis of an autonomic imbalance appears to be 
easily correlated with the views of Tatum, Seevers and Collins. Auto- 
nomic imbalance may be but the result of central nervous system dis- 
organization which becomes, in part, manifest through the peripheral 
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autonomic nervous system. The autonomic nervous system has its 
cells of origin within and subject to the influence of the central nervous 
system, therein constituting one means of external manifestations of 
central disorganization. 

On the basis of neuropathology we have numerous reports, particularly 
by Weimann (36), Creutzfeldt (37), and also other reports and resumés 
by Terry and Pellens, (1) which in general are in agreement. Weimann 
states that morphine has no special point of attack in the different brain 
centers, such as is observed for other poisons. It does by far the greatest 
damage to the cerebral cortex in man, and to the striatum of laboratory 
animals. This region is, in general, the favorite point of attack for the 
majority of the diffuse, toxic and infectious processes. According to 
Creutzfeldt, chronic morphinism causes very definite evidences of injury 
in the nervous system. A certain irreparable injury also occurs. These 
injuries affect the striatum in its interior parts as weli as the third corti- 
cal layer of the frontal and temporal regions of the brain. 

The morphological evidences of degenerative changes are quite con- 
stantly found in both acute and chronic morphine poisoning. These 
observable changes would appear quite adequate to implicate cell dam- 
age as a causative factor or basic substrate in functional alteration or. 
disorganization, especially in view of the fact that great functional change 
can occur even in the absence of observable morphological change. 
The apparent non-specificity of these changes, together with the fact 
that apparently similar changes occur in senility, and in alcoholic and 
other poisonings, would tend to minimize the significance of such neuro- 
pathology; yet it is possible that the changes may be, after all, fairly 
specific notwithstanding our inability to differentiate them. Further- 
more, the changes may be illustrative of pathology upon which is super- 
imposed the functional effects of the opiate. Damaged or injured tissues 
respond abnormally to many chemical agents. 

Addiction to codeine has been a rarity with but few authentic cases 
on record. Codeine is more stimulant and less depressant than mor- 
phine; consequently a condition simulating morphine intolerance, in 
the sense of too great stimulation and too little euphoric depression, 
occurs. Those individuals taking up the use of codeine may soon and 
readily change over to the use of morphine for the reasons indicated 
above, namely, for the depression effected by the more powerfully de- 
pressant drug, morphine. If the morphinist, on approaching the stage 
of intolerance, could obtain an hypothetical opiate still more powerfully 
depressant than morphine, it is logical to assume that he would sooner 
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or later make use of it in place of morphine. This may in fact be the 
basis of the addiction to heroine which is generally considered to be 
worse than addiction to morphine (38). 

Hypnotic drug addiction. Circumstantial and corroborative evidences 
relative to mechanisms of drug addiction are obtainable from a brief 
resumé of addictions to hypnotic drugs and aleohol. Addiction to the 
various members of the hypnotic group of drugs, chloral hydrate, paralde- 
hyde and the barbiturates, is fairly common (39) (40) (41). These drugs 
are almost purely and selectively depressant on certain functional 
capacities of the central nervous system. A very slight grade of toler- 
ance appears to be developed, at least for a time. Sooner or later 
tolerance decreases, most likely due to continued tissue damage, which 
makes it understandable why the coroners so frequently pronounce 
death as due to an overdose. The dosage has become increased relative 
to the resistance or tolerance of this patient rather than to the normal 
tolerance of an otherwise normal individual. Abstinence symptoms 
on withdrawal of the hypnotic occur and in many respects resemble 
those occurring in chronic morphinism. Experimentally, a stage of 
intolerance similar in some respects to that described in morphinism by 
Hahn, (2) has been observed (42). 

The initial cause of addiction to the hypnoties is ascribable to psychic 
addiction or mental dependence to a very large extent after the original 
indications have been eliminated (43) (44). 

Sooner or later, as in morphinism and possibly even more specifically, 
morphological changes occur (45) (42) (37) in addiction to the hypnotic 
group of drugs. These changes in morphology indicate demonstrable 
damage to the central nervous system which makes such an addiction 
more intelligible since definite injury can be seen, and hence can be 
correlated, in a general way, to some extent at least, to the state in- 
duced by chronic poisoning. While it is impossible at the present time 
to correlate exact relationships between injured brain structures and 
its altered functions, there nevertheless appears a basis for assumption 
of such an existing relationship. Both morphological and functional 
changes do occur, and in general, are more or less parallel in severity; 
hence a causal inter-relationship can be reasonably postulated. 

Alcohol and cannabis. ‘Saturday night alcoholism” is a manifesta- 
tion or result of mental degeneracy, deficiency, or lack of self-control, 
and hence falls outside the sphere of interests involved in this review. 
Tolerance development in the alcoholic appears, in most cases, only to 
increase the amount required to produce the desired mental state. In 
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instances of true alcoholism, there develop conditions which closely 
simulate the conditions produced by morphine (46). Here abstinence 
symptoms appear on abrupt cessation of the use of alcohol, which 
strikingly resemble the abstinence symptoms of morphinism. Herein 
the increased nervous irritability may require more and more alcohol 
for its sedative effect. Crossed tolerance towards anesthetic or hyp- 
notie drugs has its logical explanation, not in an increased capacity to 
destroy the drug (such as ether or nitrous oxide!), but to the increased 
nervous irritability which necessitates, first, a depression to bring the 
subject to a normal level and, secondly, to suppress the subject from 
normal to any desired anesthetic level of depression. In this respect, 
also, alcoholism appears to resemble morphinism. 

Studies of the brains of true alcoholic addicts reveal the presence of 
degenerative changes of a more or less constant nature (47). However, 
the relative diffuseness of the changes makes it exceedingly difficult to 
locate points of degeneration which correspond or relate to functional 
alteration. Even though this correlation cannot be made at the present 
time, it would appear entirely logical to view the abnormal functional 
activity as a manifestation of cell damage. 

No evidences are as yet available to indicate that cannabis produces 
an addiction in the sense of becoming a physiological necessity in restor- 
ing an individual to a more normal state. The user of this drug uses 
it through fascination for the mental states produced. 

In the preceding pages we have presented what we believe to be 
fundamental principles underlying addiction to morphine and other 
drugs with ordinarily more or less predominant powers of depression. 
We may now turn our attention to drugs which are more or less predomi- 
nantly stimulant. We shall use the term stimulant or stimulation with 
the ordinary interpretation without the entangling involvements met 
with in attempting to explain manifestations of increased activity on the 
basis of inhibition. 

In the consideration of some typical stimulant drugs, we have to 
consider the relevant problem of tolerance development in the instances 
of strychnine, caffeine and cocaine and, in addition, the problem of addic- 
tion to the last named drug. 

Strychnine. Whether or not animals can develop any increase in 
tolerance for strychnine may be still open to question. Studies by Hale 
(48) and by Mostrom and McGuigan (49) rather point to increased 
sensitivity than to increased tolerance. At any rate, tolerance develop- 
ment to strychnine is insignificant in relation to the tolerance of man and 
dog to the depressant action of morphine. 
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Caffeine. In regard to the question of development of tolerance to 
caffeine, mention should be made of the work of Myers (50) and of Eddy 
and Downs (51). Myers came to the conclusion, on the basis of de- 
creasing diuretic action, that a tolerance to the stimulant, caffeine, 
developed on repetition of the dosage to rabbits. Eddy and Downs, in 
a study of the human subject, confirmed Myers on tolerance to the diu- 
retic action of caffeine, but saw evidences indicating that on the central 
nervous system the effects of caffeine increased on repetition. They ob- 
served a shortening of reaction and discrimination time on continued 
use of caffeine. This means a sensitization of the central nervous system 
to caffeine, and desensitization of the kidney or to the various agencies 
involved in diuresis. 

Cocaine. Inthe condition of chronic cocainism, we are concerned with 
two main considerations (a) the question of tolerance and (b) the nature 
of the addiction. 

In the experimental field all investigators generally agree that there 
is no tolerance development but instead an increase in sensitivity of 
laboratory animals subjected to chronic treatment with cocaine. This 
fact of complete absence of tolerance development in laboratory animals 
(24), including the dog and monkey, does not indicate the impossibility 
of tolerance in man, but rather places the onus of responsibility for its 
proof in man on those who maintain its occurrence. 

Man in the beginning of his career as a cocainist experimentally 
assays his natural tolerance by progressively increasing his dosage until 
he finds his upper limit (4) (5). This upper limit may be found even in 
a few weeks, beyond which dosage he cannot go. He may abstain for 
long periods and return abruptly to the same high dosage he had pre- 
viously learned he could tolerate. This procedure is impossible in the 
case of morphine in morphinism. Furthermore, pure cocainism is 
extremely rare beyond a few months’ duration. The cocainist becomes 
afraid of his drug because of its increasing effects and either ceases the 
use of cocaine and takes up morphine, or tempers the increased effects 
of cocaine by the use of morphine for its depressant effects. Should 
perchance his morphine dosage have been too large, he counteracts this 
too great depression by more cocaine and occasionally finds himself 
busy throughout the day in attempting to strike a desirable pharmaco- 
dynamic balance. 

In chronic use of cocaine we find an addiction to a drug predominantly 
stimulant. The cerebral stimulation producing the feeling of exhilara- 
tion and euphoria constitutes an almost irresistible goad to its continued 
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use. When the stimulatory effects have worn off, the subject feels a 
violent desire for more drug to reéstablish in himself the euphoric state 
of mind and also to mask some measure of fatigue and exhaustion re- 
sulting naturally as an aftermath from the excess stimulation produced 
by the direct stimulant action of the drug. 

Psychiatrists generally agree to the general non-appearance of true 
abstinence symptoms in the cocaine addict on abrupt withdrawal of 
the drug (4) (5). This fact taken in conjunction with the absence of 
abstinence symptoms in experimental cocaine addiction (cocainism) in 
dogs and monkeys (24) pretty definitely places cocainism in quite a 
different category from morphinism. In fact, the qualities of true drug 
addiction as exemplified in morphinism, and to a less extent in true 
alcoholism, are almost completely absent. One is forced therefore to 
use for cocainism some non-committal term such as psychic addiction. 
Whether or not there exists a basic pathology produced by the chronic 
use of cocaine has not been as yet fully established. 

Pathological changes in the brain of cocaine addicts have been de- 
scribed (5) and, as in instances of addiction to some other drugs, the 
behavior characteristics may be also related to definite pathology. To 
account for the absence of true abstinence symptoms in cocainism, there 
would be required an assumption of nerve changes of a different type 
and order from those seen in morphinism, alcoholism, and addiction to 
hypnotic drugs. 

Since tolerance does not develop to any significant extent to stimu- 
lants but is limited almost exclusively to depressants, (52) (53) we must 
grant a fundamental difference in affinity for or action, direct or indirect, 
in cells of the central nervous system which respond to drugs by lessened 
activity from those which respond by increased activity. This would 
mean that any drug or chemical which directly or indirectly produces 
manifestations of increased activity, i.e., direct or indirect stimulation, 
cannot develop tolerance in the processes affected, whereas depressants, 
substances which reduce activity, cause direct or indirect changes to 
occur in such a way as to tolerate these depressants with progressively 
less and less effect. 

Any theory of drug addiction must take into account and correlate 
the items enumerated below: 

1. Addiction to a drug may occur independently of acquired tolerance 
to that drug. 

2. Only those drugs to which tolerance is developed produce such 
profound alterations in the central nervous system as to demand more 
of the drug to establish functional normality. 
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3. Tolerance appears to be developed only to that class of drugs which 
produce a reduction in the activity of cells. 

4. Increased sensitivity as contrasted to tolerance is developed to 
those drugs which increase the activity of cells. 

5. To that class of drugs which selectively increase the activity of 
some cells and depress others, sensitivity is developed to the first and 
tolerance to the latter. 

6. Demonstrable neuropathologic changes occur in all cases of serious 
drug addiction. 

7. The difference in rate of destruction and elimination between the 
addicted and non-addicted is not sufficient to account for all the de- 
veloped tolerance to depressant drugs and sensitivity to stimulant drugs. 

8. Exclusive of the central nervous system, the addict is organically 
essentially normal. 
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THE TOXICITY OF BILE 


O. H. HORRALL 
Department of Physiology, University of Chicago 


This review of the literature has been undertaken to help the investi- 
gator and others interested in understanding the relation of bile to 
disease. An effort has been made to point out the principal contribu- 
tions to this subject and to afford a list of references which may aid 
those interested in this kind of experimental work. 

Much has been written concerning bile, even from the time of the 
earliest known writings. Hippocrates, Galen, Paracelsus and a multi- 
tude of others have sought to solve the most vexing of medical problems. 

There is today a very definite need for real intensive and extensive 
work in this field. 

1. Bile acids and their salts. It is rather difficult to compare the rel- 
ative toxicity of various constituents of bile, since all have not been 
isolated in chemically pure state. Many of the bile acids have been 
prepared in extremely pure form, but taurocholic acid has not. Biliru- 
bin is the only pigment that has been isolated pure. Cholesterol, leci- 
thin, glycocol, taurin, and mucin have all been prepared in a very high 
degree of purity. Some substances have been purified in minute quan- 
tities but are not available for experimental purposes in sufficient 
quantities. 

For almost a hundred years, there has been a controversy as to which 
substance in bile causes the toxic symptoms. In 1840 the toxicity was 
attributed by some investigators not to bile itself but to “impurities” 
which caused capillary thrombi. Bouisson (9) 1843, made parallel ex- 
periments using filtered and unfiltered bile. He reported that filtered 
bile was non-toxic. Then the whole question as to the toxicity was in 
doubt when Henle (38) 1847, wrote his Pathology. But in 1848 Strecker 
(97) discovered the bile acids and immediately investigators attributed 
all the toxicity to them. 

Beginning with Frerichs (31) 1858, and followed by De Bruin (18), 
Bouchard (7), Lugli (56), Plaesterer (71), Bowler (10), King and Stewart 
(49), Prevost and Binet (73) all attributed the greater toxicity to biliru- 
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bin. Practically all of these men worked with impure chemicals or drew 
the conclusion from indirect work, such as filtering bile, ete. The dis- 
cussion of bilirubin will be given in a separate section. 

Arrayed on the side of the bile salts are Rohrig (80), Feltz and Ritter 
(26), Legg (52, 53), Rywosch (84), Greene (33), Eilbott (21), Quincke 
(74), Stadelmann (93), Emerson (22), V. Dusch (20), Bickel (5), Still 
(96), and Horrall (41-45). From the evidence, the writer believes we 
can conclude that bilirubin is non-toxic and that the bile acids are 
toxic. 

The toxicity of bile varies directly with its salt content and specific 
gravity, so gall bladder bile has a greater toxicity than hepatic duct bile 
or fistula bile. 

The relative toxicity of sodium taurocholate and sodium glycocholate 
cannot be compared scientifically. The former has never been purified, 
while the latter has. Commercial products of sodium taurocholate 
vary from 40 per cent to 80 per cent pure; this salt (or acid) breaks up 
and forms a gummy mass when purified to a much greater degree. So 
the diverse conclusions may be explained. 

Stadelmann (93) considered sodium taurocholate ten times more 
toxic than sodium glycocholate. He found red blood cells were de- 
stroyed by a solution ,},, of the former while 3, of the latter gave a 
comparative result. Feltz and Ritter (25) used the same method and 
concluded sodium taurocholate more toxic than sodium glycocholate. 

Gillert (32) tested the toxicity by intravenous injections in rabbits 
and found sodium taurocholate slightly ($) more toxic than sodium 
glycocholate. 

Meltzer and Salant (63), in their experiments with frogs, found no 
difference in the toxicity of the two salts, differing with Rywosch on this 
point. Emerson (22) standing almost alone, believes sodium glyco- 
cholate is more poisonous than sodium taurocholate. 

The most extensive work has been done by Rywosch (83, 84). He 
found the fatal dose for frogs to be sodium glycocholate 100 milligrams, 
sodium taurocholate 60 to 70 milligrams. Coagulation of blood is in- 
hibited more readily by sodium taurocholate. 

Samelson (87) reports coagulation is prevented more readily by so- 
dium glycocholate. Rywosch considers sodium taurocholate acts 
more energetically on excised muscle of both warm and cold blooded 
animals. The lethal dose for frogs, determined by subcutaneous injec- 
tion by Rywosch (83) is as follows: 
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Toxicity determined by concentration necessary for complete solution 
of erythrocytes by Rywosch: 


SC 1/700 
ec hh bbwlceeésuucecdueueses 1/600 
eed bbe buwwhvecddvceedee 1/500 
TEE OT OT OP ETT OTD Ee 1/200 
CT sn os oe tk eww eeenesavewes thks 1/200 


EE 1/50 
Still (96) determined the toxicity of bile salts by injection into the 


anterior lymph sac of frogs. His order of toxicity is: 


Sodium dehydrocholate 
Sodium cholate 
Sodium glycocholate 
Sodium desoxycholate 
Sodium choleate. 


ad sel allt lt 


Still concludes, from intravenous injections in dog, intra-peritoneal in 
rat, intra-lymphatic in frog, the order of toxicity is: 


1. Choleic acid 

2. Desoxycholic acid 
3. Glycocholic acid 
4. Cholic acid. 


Macht and Grollman (59) find cholic acid very poisonous, and hyo- 
cholic acid and choloidinic acid less poisonous for the protoplasm of 
both plant and animal. 

V. Dusch (20) assigned the toxicity to the cholate portion of sodium 
glycocholate and sodium taurocholate. 

Bouchard and Tapret (7) measured the toxicity by intravenous in- 
jection in rabbits and reported that sodium cholate 0.54 gram is suffi- 
cient to kill, and sodium choleate 0.45. 

Wieland (102) made comparative tests on excised frog’s heart and 
found the relative toxicity as: 


EES EEE A A eT 1/800 solution 
EEE Ce 1/6400 solution 
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Also subcutaneous injections of 10 per cent water solution showed des- 
oxycholic acid 8 to 9 times more toxic than cholic. 

Wieland also standardized them against red blood cells, observing 
complete solution: 


hes iia ken e Bh also eemein haa wali aadne aabie tia’ 1 
a x dh deas ss cdeeness es eee Gn enkrs tas 1/25 as toxic 
I Vics 5 was awh chan pens ds ule Wee eee ee TN Ses 1/250 as toxic 


Neubauer (66) placed the letal dose for guinea pig subcutaneous: 


grams per kilogram 


IN ic sien gpg obnts Gabler «00 is va Resa 4.4 

EE EEE ET hd a a 0.5 
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Intravenous: 


Sodium dehydrocholate: 


grams 
Nc the taecepeddneh ie eer bee eee eee 3.6 (no toxic effect) 
PD Gu Ree ckeCeeWRe ean ddsiede cocsndn eae 2.0 (no toxic effect) 
For hemolysis of red cells in salt solution: 
per cent 
IN i ss wnt ath Sal Mee manana el 0.63 
IN id ele 0.04 


He concludes that in the blood stream the protective action of serum is 
so high that the hemolytic point would never be reached. 

The relative toxicity of the bile acids and bile pigments is yet un- 
known, according to Bunting and Brown (12), 1911. Choleie acid 
enteroliths have been reported in seven cases, according to Hellstrom 
(37). Chemical analysis showed they were mainly made up of free 
biliary acid, choleic acid. He says they were formed in the intestines. 
Surely the toxicity of choleic in these cases was decreased in some man- 
ner or other. 

There are a large number of bile acids which occur in very small 
amounts in man and other animals or are modified forms of known 
chemical substances. Their toxicity is unknown. 

V. Dusch, Rohrig, and Leyden do not think that the activity of the 
bile salts is due entirely to the cholic acid part but is increased by the 
‘‘paaring” process. Sodium taurocholate is four times more toxic 
than sodium cholate, and sodium glycocholate is four times less toxic 
than sodium cholate. Therefore, there is some influence due to the 
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combination of taurin and glycocol and cholic acid; otherwise, all three 
would have the same toxicity. Rywosch thinks that this combining 
process modifies the action but not entirely quantitatively nor 
qualitatively. 

2. Taurin. Taurin is an important amino acid which combines with 
cholic acid, forming taurocholic acid. It may be found free in the bile, 
blood, or urine. Taurin was prepared by Schmidt, Adelung and Watson 
(89) from the abalone. They injected it subcutaneously and intrave- 
nously in rabbits and man. Taurin, 3 grams, 6 per cent in Ringer’s 
solution was given to one man intravenously; to another they gave 10 
grams subcutaneously, 10 grams intravenously, and then 10 grams by 
mouth. The doses were given three days apart. To another he gave 
5 grams by mouth. Humans exhibited no toxic symptoms, of any 
kind, however the taurin was given. They also found that rabbits re- 
ceiving large amounts intravenously did not exhibit any toxic symp- 
toms. Rohrig (80), V. Dusch (20), Koloman Miiller (64), and Fred- 
ericq (30) also found taurin non-toxic. 

Salkowski (86), 1873, obtained what he called ‘“‘taurin” from ox gall 
and found it somewhat toxic. He also gave 5 gram doses to rabbits and 
caused diarrhea. Rabbits are more sensitive to taurin than dogs 
and men. 

Feltz and Ritter (27), 1875, injected taurin, 6 grams intravenously, 
in a 7-kilogram dog and found it non-toxic. Most of the taurin was 
eliminated by way of the kidneys without change, especially when given 
by mouth. 

Macht, Grollman and Hyndman (59) found taurin very slightly toxic 
to plants and lower animals. 

3. Glycocol. Feltz and Ritter (27) injected 12 grams of glycocol in- 
travenously in a 5-kilogram dog and observed no toxic effects. This 
work has been confirmed by Rohrig (79) and Horrall and Carlson (43). 

Glycocol was found very slightly poisonous for both plants and ani- 
mals by Macht and Grollman. By comparison, cholic acid was very 
poisonous. 

Discussion. Green and Snell (34) conclude that whole bile is more 
toxic than either of its major constituents and they state that this con- 
clusion is at variance to that of Horrall and Carlson (43). More recent 
unpublished work by Horrall confirms the original conclusions. Whole 
bile is much less toxic than the same salt content in water solution. A 


given quantity that kills can be rendered less lethal by the addition of 
cholesterol. 
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Meltzer and Salant (62) think that the toxic effect of bile is not due 
to the sum of the effects produced by known components. It will be 
necessary, under this conclusion, to know all the constituents of bile, 
together with the quantity of all these substances; and also it will be 
necessary for the bile of each species to be tested, in order to obtain com- 
parative results. This, of course, is something to be looked forward to 
in the future. It is even impossible at the present time to make a direct 
quantitative test for sodium taurocholate or even for the total cholates. 
Until recently have we been able to make very accurate tests of only one 
constituent of bile, namely, bilirubin, by van den Berg test. In man the 
only acids that we are interested in are the cholic acids and their salts, 
- according to Gillert (32). To be sure, desoxycholic acid, lythocholic 
acid, and others are found in very small amounts in man. ‘There does 
not appear to be a definite quantitative way to measure the toxicity of 
bile chemically. It would appear, from the work of Wieland (102) that 
merely calculating the cholic acid content of the bile would not give the 
total toxicity of the bile, for apparently the formation of a compound 
may cause markedly increased toxicity of the same molecular concen- 
tration. This change in toxicity is due to “paarling.”’ 

4. Dehydrocholic acid. Most interesting recent investigations have 
been made, especially in Germany and Austria, with dehydrocholic acid 
(decholin). Neubauer (67) gave dehydrocholic acid 2 grams intrave- 
nously in a patient with bile fistula; it did not cause any toxic symptoms 
but did cause an increase in bile flow of four to five times. The dry 
content of the bile was increased, while the total bilirubin content of the 
bile was decreased. Neubauer (66) found that dehydrocholic acid is a 
cholagogue, causes an increase in the dry substance and decrease in bili- 
rubin, increases the blood pressure, has no remote effects, and is a mild 
diuretic which is not constant in all cases. 

Pohl (72) reported dehydrocholic acid as non-toxic. Hoesch (40) 
gave it to humans intravenously and found it non-toxic and of thera- 
peutic value. 

Diiker (19) found decholin caused human bile from fistula to be mark- 
edly increased and also observed increased peristalsis of the gut. 

Rahmlow and Ritterband (76) gave 2 grams in 10 cc. (20 per cent 
solution) as the usual dose fora human. In one case he gave 4 grams in 
a single dose. In another 2 grams once a day for three days intra- 
venously. This caused diuresis in cases of decompensated heart. The 
heart was not affected and the urine increased two to three times. 

Adler and Schmidt (1) found that sodium dehydrocholate is excreted 
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up to 95 per cent by way of the liver. They also found that dehydro- 
cholic acid is much less toxic than desoxycholic acid and that it acts as a 
cholagogue by its action on the bile passages. They question the mode 
of action as a stimulus of the vagus nerve. The bile salts are increased 
while the bilirubin is diminished and it acts as a disinfectant by inhibit- 
ing the bacterial growth. 

Hoesch (40), Neubauer (66, 67, 68), Pohl (72) and Lebermann (51) 
concluded that dehydrocholic acid is non-toxic and that it is useful as a 
practical therapeutic agent in man in the place of the common bile acids. 
It is also useful for physiological and pathological investigations. 

5. Bilirubin. Bilirubin is the name applied by Stadeler, 1864, to the 
principal bile pigment. It was previously isolated and called “chole- 
pyrrhin” by Berzelius (4), 1840. He worked out the empirical formula. 
It was later called “‘biliphaenin’’ by Simon (91) 1845. Many chemists 
have done much work on this pigment. 

Virchow (101), 1847, identified bilirubin crystals in an echinococcus 
cyst of the liver and noted the similarity of these crystals to crystals of 
hematoidin, thus connecting bilirubin with hemoglobin. 

It was not until 1874, Tarchanoff (98), that bilirubin was injected 
intravenously. He injected bile pigment into dogs with gall bladder 
fistula but did not report whether or not the substance gave a toxic 
reaction. Nothing is known about the purity of his bilirubin. 

Apparently Frerichs (31), 1858, injected intravenously bile salts and 
bile pigment but just what these substances were is not explained 
chemically. ‘Bile pigment is obtained by the action of alcohol upon 
dried blood.”” The crystals are unstable and cannot be re-crystalized, 
hence this mixture surely was not pure bilirubin or even bile pigments. 

There has been much discussion concerning the toxicity of bilirubin 
and also the relative toxicity of bilirubin and the bile salts. Most of the 
conclusions were arrived at indirectly and very few workers used chem- 
ically pure bilirubin. King and Stewart (49) said “the cost precluded’’ 
its use, so they used logic instead. We have then a whole array of in- 
vestigators arriving at conclusions that bilirubin is toxic and also that 
bilirubin is more toxic than the bile acids, as: Bouchard, De Bruin, 
Lugli, Frerichs, Plaesterer, King and Stewart, Prevost and Binet, and 
Bowler. 

On the other hand, we find many who concluded that bilirubin was 
either non-toxic or relatively much less toxic than bile acids. Few of 
these investigators worked with chemically pure bilirubin, while many 
used fairly pure products. The following believe that bilirubin is 
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harmless or relatively much less toxic than bile acids: Rohrig, Legg, 
Feltz and Ritter, V. Dusch, Bickel, Rywosch, Leyden, Greene, Eilbott, 
Quincke, Stadlemann, Still, Horrall and Carlson. 

Bouchard, with Tapret, injected intravenously into rabbits bilirubin 
dissolved in a little soda and found that 0.05 gram kills. Then he says 
(7, p. 226) that 5 centigrams of bilirubin kills 1 kilogram of living matter. 
He does not state how much soda was used nor its concentration. From 
that, he calculates that bilirubin is ten times more poisonous than bile 
salts. He does not explain how the bilirubin was prepared, nor the 
degree of purity. He says that this quantity per kilogram when given 
intravenously kills ‘‘with safety.”’ From this he calculates that for a 
~ human weighing 60 kilograms the lethal dose would be well within three 
grams. Bouchard and Tapret say that 5 cc. of water solution of biliru- 
bin for a 1-kilogram rabbit will cause death. This is a very interesting 
observation in view of the fact that bilirubin is practically insoluble in 
water. They also arrived at the conclusion that bilirubin is toxic be- 
cause bile filtered with animal charcoal until decolorized has a greatly 
diminished toxicity, and they concluded that the only thing that is re- 
moved from filtered bile in this manner is the bile pigment. Bile thus 
decolorized is only one-third as toxic as that not decolorized. The 
present writer observed greatly diminished specific gravity and toxicity 
due to filtering with animal charcoal, bile or pure bile salts. 

Lugli (58) removed the pigment from bile with animal charcoal and 
concluded that the colorless bile is four times less toxic than ordinary 
bile. He says that bilirubin is the most poisonous constituent of bile. 
He has not worked with pure bile pigment but draws his conclusions 
from the fact that charcoal removes “only” bile pigment and the deeper 
the color of the bile the more toxic it is. 


He does not appear to notice also in his own tables that the specific gravity is 
increased in proportion to the increase in color of bile. Such a plain oversight is 
almost unpardonable and certainly brings a question upon all such work. 


Bouchard says the tissues also play a protective réle; they consume 
and transform the minute proportions of bile which have been absorbed, 
having penetrated the general circulation “they fix the bilirubin.” 
Bile in its entirety passes from the liver into the blood from the biliary 
cells to the blood vessels. Bile freed from coloring matter loses part of 
its toxicity; therefore, when the tissues take up the pigment they remove 
some of the toxic substance from the circulation; at the same time, bile 
salts escape by way of the kidneys or are “consumed in the blood.” If 
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all bile secreted in eight hours were suddenly introduced into the blood 
it would produce “fatal nervous effects’ (question of thrombosis and 
emboli). But if introduced slowly nervous accidents are averted. In 
black jaundice the absorption is slow and not poisonous, while in green 
jaundice the absorption is poisonous. With all the conclusions Bou- 
chard comes to, he does not give a single reference to the method of the 
action of the bile pigment on the tissues. He does show, however, how 
bile salts act deleteriously. 

De Bruin (17, 18) tested bilirubin on an isolated frog’s heart and con- 
cludes that its action is a little more intense than sodium taurocholate 
or sodium glycocholate. In other articles, he concludes that bilirubin 
is four to five times more poisonous than bile salts, while in the last ar- 
ticle he tells of giving bilirubin intravenously to rabbits in quantities 
varying from 0.025 to 0.103 gram per kilogram and concludes that it is 
toxic. He thinks the action is principally on the central nervous system, 
causes convulsions, decrease of blood pressure, fall in pulse rate, dysp- 
neic breathing, increased salivation, and obstipation. 

Lugli (57, p. 310) says that of the components of bile bilirubin pos- 
sesses the greatest toxicity. This is proved by the decolorization of 
bile, with intravenous injection and by direct experiments with pure pig- 
ment dissolved in alkaline solution similarly injected. 

Rywosch (84) gave bilirubin (Merk) subcutaneously 0.6 gram to a 
rabbit weighing 700 grams and observed a minimum disturbance (0.6 
sodium taurocholate kills). 

Greene and Snell (34) injected 2mgm _ per kilogram intravenous lyinto 
a dog and found a 0.1 per cent solution caused the blood bilirubin to in- 
crease, also the bile bilirubin and bile acid to increase. The greatest 
amount of increase appeared two to three hours following the injection. 

Kilbott gave intravenously 0.07 gram in 108 different individuals. 
In six of the first 30 cases there was a slight reaction. This bilirubin so- 
lution was made up several hours before injection. On observing a 
change in color, they proceeded to make up the solution and inject it 
immediately. In the following 78 cases he did not notice any toxic 
reaction of any kind. He was using the bilirubin to test liver function. 
This was confirmed by von Bergmann. 

Legg concluded that bile pigment is entirely harmless. 

Quincke injected bilirubin in an alkaline solution 1 to 100 subcuta- 
neously in dogs, rabbits, and mice and observed no effect except stain- 
ing of the tissues. He concluded that bilirubin stains living connective 
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tissue cells and intracellular fibrils but in the dead tissues it stains mus- 
cle, fat, and blood vessel walls. 

Verzar and Zih (99, 100) gave bilirubin by mouth 0.5 to 10.0 mgm. 
and observed no toxicity. Red blood cells and the hemoglobin were 
increased. They gave 3 mgm. intravenously to rabbits and observed 
no toxic effects. They gave bilirubin by stomach tube and observed 
no toxic effects. 

Feltz and Ritter (27) injected intravenously in a 10-kilogram dog on 
the first day bilirubin 2 grams in alkaline solution; on the second day 
the same quantity; on the third day 3 grams; on the fourth day 4 grams. 
There was no toxic effect and they concluded the substance was non- 
- toxic except that the temperature increased about one degree in one 
hour and was normal after six hours. The urine contained bilirubin, 
the animal was jaundiced, and there was an obstinate constipation. 
They (26) again injected pigment intravenously 3 to 4 grams in a dog 
and noticed no effect. The purity or method of preparation of their 
“bilirubin” was not given, but they state that they obtained the biliru- 
bin from blood by alcohol extraction. Bilirubin is only slightly soluble 
in alcohol, so their product certainly was not bilirubin. 

Plaesterer injected bilirubin intravenously in rabbits, frogs, and mice 
in the same dose (0.1 to 0.004) as Bouchard used and found it was toxic. 
He also classed bilirubin as a toxic substance because of its action on the 
frog’s heart. He obtained the bilirubin from ox gallstones. Autopsy 


revealed blood in urine and intestinal canal and thrombosis of gut ves- 
sels (very high grade). 


Thus an intravitam coagulation of peripheral vessels due to strong sodium 
carbonate solution. 


Naunyn (65) injected bilirubin, isolated from gallstones, into rabbits, 
0.1 gram in a weak soda solution, by way of the stomach and by way of 
a fistula of the small intestine into the gastro-intestinal tract and con- 
cluded that bilirubin had no effect on bile or bile pigments in the urine. 
He does not mention any toxic symptoms. The purity of his product 
is questioned since he did his work in 1868. 

Stadelmann (93) prepared bilirubin from human gall stones and in- 
jected this intravenously in doses of 0.2 to 0.4 gram each. Similarly, 
Rywosch (83) injected the same quantity in rabbits and also found it 
non-toxic even to 0.7 gram. Stadelmann (94) concludes from his re- 
searches and observations and daily practice with icterus, that the bile 
pigments are not very poisonous. 
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It would take an enormous quantity of human gallstones to yield that much 
pigment, as most human gallstones contain very little bilirubin. 


The normal blood plasma in man has a yellow color, which is due to 
vilirubin. The blood plasma of the horse is very highly colored with 
bilirubin. The normal bilirubin content in the human serum varies 
from 0.2 to 1.0 mgm. per 100 cc. of blood serum. 

Bauer and Spiegel (2) conclude that the bilirubin content of the blood 
in a normal condition varies according to individual differences but re- 
mains ordinarily fairly constant. They say that bilirubin may be in- 
creased in the blood serum due to obstruction of the outflow of bile, 
heart weakness, congestion of the liver, and traumatic hemothorax. 
There is a slight increase in kidney disease, tuberculosis, cachexia of 
carcinoma and in cachexia of inanition. They find that when the con- 
centration of bilirubin in the blood is over 1 to 50,000 the bilirubin goes 
over into the tissues and urine (also 35). They report one family in 
which two girls had a fawn tint of the skin with high bilirubin concentra- 
tion of the blood serum, averaging about 1 to 100,000 and they called 
this condition “biliary diabetes.”’ The bilirubin content of the blood 
serum normally varies from 1.2 to 2.6 mgm. per cent, while the kidney 
threshold is about 2 mgm. per cent. In hemolytic icterus, pernicious 
anemia, and cirrhotic atrophy of the liver, the blood serum bilirubin 
may increase to 3 to 5 mgm. per cent. 

Emerson (22) came to the conclusion that bilirubin is non-toxic by an 
indirect method. He claimed he removed 95 per cent of it from bile 
and injected the remainder intravenously. He obtained bilirubin from 
human gall stones dissolved in alcohol. He does not say whether he 
injected this bilirubin in alcoho! solution or not, but according to Orn- 
dorf and Teeple (69) it is questionable as to how much bilirubin he would 
get into solution. There are too many loopholes in this technique to 
depend on the conclusion at which he has arrived. His conclusions are 
unwarranted. 

MeMaster and Elman (61) fed pure bilirubin 100 mgm. by mouth to 
dogs and also intubed it into the duodenum. They got an increase in 
hepatic bile but do not mention any bad effects. However, Blanken- 
horn (6) says that bilirubin is not absorbed from the intestines by the 
portal system and only small amounts by way of the lymphatics. 

6. Erroneous idea of detoxification of bilirubin. Several investigators 
have assumed that bilirubin is toxic and inject calcium intravenously 
to detoxify the bilirubin. Bowler (10) concludes that calcium admin- 
istered intravenously combines with and detoxifies the circulating bile 
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pigments. The idea that calcium detoxifies bilirubin probably came 
from the work of King and Stewart (49), who never worked with biliru- 
bin because it was too costly. They arrived at their conclusions indi- 
rectly—from decolorized bile. Bowler states that jaundiced dogs 
required double the amount of calcium chloride given intravenously to 
cause death than the unjaundiced dogs required and that the blood 
calcium in each case was equal at death. 

Bowler and Walters (11) find that the blood calcium in jaundiced 
animals is normal. Of course, this involves the question of available 
calcium. 

The van den Berg test was the first test to give us an accurate idea as to 
‘what is going on in blood serum. The test appears to be almost spe- 
cific for bilirubin. 

As to just what happens in jaundice, there is some question. We 
know from the above tests and from clinical observations that there is 
an actual increase of bile pigment in the blood serum and body tissues, 
but clinically the appearance of the coloring matter does not seem to 
be parallel with all the toxic symptoms. In the work of Horrall, and 
Horrall and Carlson with mice, pups, rats, and dogs, with injections 
under anesthesia and without, of varying quantities of bilirubin, spec- 
troscopically pure (see 90), intravenous subcutaneous, and intraperito- 
neal injections and also in heart-lung preparations in dogs, they arrived 
at the conclusion that bilirubin was entirely non-toxic. This work was 
supported by later investigations by Still. 

7. Biliverdin, biliprasine, bilifuscine, and bilihumin. Rywosch (84) 
says that biliverdin (Merk) has no bad effect on the blood or heart. 

Feltz and Ritter (27) gave bilifuscine and bilihumin about 4 grams 
intravenously and said it was non-toxic and similar to bilirubin. They 
also gave biliprasine intravenously to dogs 10 grams in one dose and 
found it non-toxic and having about the same effects as bilirubin. King 
anc Stewart (49) claim to have worked with biliverdin but gave no test 
of purity. 

These statements are particularly interesting because, as far as the 
writer is able to ascertain, biliverdin, bilifuscine, bilihumin, and bili- 
prasine have not yet been isolated in chemically pure form. The 
writer has been unable to find a method for their preparation and has 
been unable to purchase them. I presume they used extremely crude 
products. 

The beautiful coloring of egg shells is, in most birds, due to the bile 
pigments. In some birds crystalline bile pigments are excreted. If 
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these were toxic there should be some indication of their action along the 
passage. 

8. Urobilin. The usual mode of formation of urobilin is from bile 
pigment in the intestines, but in disease it may be formed elsewhere, as 
in the liver cell, or in the bile passages, according to Wilber and Addis 
(104, 105). It is normally reabsorbed from the intestines and part of 
it may be used again in the formation of hemoglobin and part is excreted 
by way of the kidneys and liver. The latter channel admits it to the 
bile. 

McMaster and Elman (61) fed 100 to 500 mgm. by mouth and noted 
no toxic effects. There is no evidence that urobilin is in itself toxic. 
Its appearance in unusual places or amounts indicates pathologic con- 
ditions somewhere. 

This record is made to rule it out as one of the possible toxic constit- 
uents of bile. 

9. Cholesterol. Cholesterine was the first substance discovered in 
bile. Conradi (l.c. 78) found it in 1775 but Chevreul (13) named it in 
1816. It is difficult to get cholesterol in solution suitable for injection. 
It is insoluble in water but is soluble in hot alcohol, ether, chloroform, 
and some fats; all of these solvents are of themselves very toxic when 
injected intravenously. It is soluble in bile salt solutions, being present 
in normal bile in varying concentrations ranging from 0.5 to 50.0 per 
cent, Schafer, (88). 

Austin Flint (29), 1862, thought that blood on passing through the 
brain took on two to three per cent cholesterin and gave it off in the 
liver to the bile. He believed that the symptoms of nervous disturb- 
ances were associated with jaundice and that the accumulation of 
cholesterin in the blood hindered the action of the brain, thus explaining 
the nervous disorders. He thought it was non-toxic. Injection of 
cholesterin, however, was not made by Flint, on account of the insolu- 
bility of cholesterin in the various media. 

Rohrig (80), 1863, found that cholesterin had no effect on the heart 
and was non-toxic. Bouchard (7) criticized the cholesterin injections 
and pointed out that soap and water or potash mediums would of them- 
selves kill. He thought cholesteremia induced experimentally by 
various processes is too questionable to be considered seriously. He 
found cholesterol in atheromatous abscesses which were wide open in the 
aorta of old people. The almost pure cholesterol content of these ab- 
scesses was several grams and there was no indication of poisoning. 
Cholesterin dissolved in glycerine caused toxic symptoms but Stadel- 
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mann (93) attributed these to the glycerine. He thought the injection 
of suspensions caused emboli, but Fasiani (23) injected slowly 1.75 
grams in 175 cc. suspension without producing any poisonous effects. 

Pagés (70), 1869, injected cholesterol in soap solution intravenously 
in dogs and obtained negative results. In the course of sixteen days he 
injected 2.57 grams of cholesterol in one dog. In the first experiments 
he used ether as the solvent. Koloman Miller (64), 1873, concluded 
from the literature that bile salts or cholesterol could not cause cerebral 
symptoms and that they could not cause cholemic intoxication; never- 
theless, he concluded that cholesterol is toxic. He made an emulsion 
of cholesterol, glycerine, and soap solution. He injected cholesterol 
- 0.45 mgm. (8 ec.) intravenously into nine dogs, which caused coma and 
death in 56 hours. He concluded that the nervous symptoms were 
similar to those seen in jaundice and were due to hypercholerolemia. 
Of course, his results are of no value for he injected solid particles into 
the blood stream and glycerine itself given intravenously in the same 
amounts would cause death. 

Feltz and Ritter (27) injected cholesterol 0,025 to 0.8 gram into a dog 
in ‘“‘Nouvelle’’ solution and repeated the injection six to eight times in a 
few days. They found cholesterol non-toxic. They thought emboli 
were formed, however, if a large amount of the solution got into the 
blood stream. 

Chomjakow (14) dissolved cholesterol in oil of almonds, making a 5.0 
per cent solution. Intravenous injections were made in cats; death 
occurred immediately from infarction of the pulmonary artery or the 
animal survived without any symptoms. Kausenstern (50) made a 3 
per cent solution of stearin soap and then added cholesterol 0.5 per cent. 
Daily intravenous injections into dogs of 5 to 45 mgm. of cholesterol 
did not cause any toxic symptoms. 

Cholesterol, 0.5 gram, was dissolved in “‘solvin’” 2 cc. with water, 
same amount, and injected subcutaneously into a dog by Rywosch (83). 
Solvin is non-poisonous. He observed no effects. Danilewsky (16) 
applied cholesterin directly to the heart muscle of the frog at room tem- 
perature and found that 0.001 to 0.003 per cent in Ringer’s solution 
caused stimulation. Atropine, muscarin, and curare do not prevent 
the action of cholesterin. The hemolytic action of bile salts is not in- 
fluenced by cholesterol according to Bayer (3) and Roger (78) although 
it does prevent the hemolytic action of a number of substances. Pure 
cholesterol mixed with bile and bile salts caused slight diminution in the 
toxic effects of the bile acids. Intraperitoneal or intravenous injection 
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of the mixture likewise slightly inhibited the toxic action according to 
Horrall (45). Blood cholesterine is increased in icterus, due to reten- 
tion, Hewlett (39). In Xanthélasma there is probably a hypercholes- 
terolemia, but no one has shown conclusively that it causes any of the 
toxic symptoms. It would appear to be the retention of a product that 
is normally excreted in the bile in quantities of 6 to 7 grams in twenty- 
four hoursinman. A quantitative increase in excretion from the blood 
can be caused in normal rabbits by intravenous injections of cholic and 
desoxycholic acids according to the recent work of Yonemura and Fu- 
jihara (106). Cholesterol is interesting because of its association with 
gallstone formation and its intimate chemical relation to bile acids, 
Wieland (103). Almost pure cholesterol gallstones are frequently found 
in man, without causing any toxic symptoms, except mechanically. 

There does not seem to be any definite positive evidence that cho- 
lesterol is toxic. The symptoms of hypercholesterolemia are indefinite 
and probably slight. 

Mazzeo’s (60) experiments led him to conclude that cholesterol 
neutralizes dysentery toxins in rabbits. 

10. Lecithin. Fasiani (23) injected in the vein of a dog 2.0 grams of 
lecithin without any poisonous symptoms. Bayer (3) reports lecithin 
inhibits the hemolytic action of bile salts, but in the blood stream the 
quantity is never sufficient to be of any practical value. Opposing this 
view stands Danilewsky (15) who finds that lecithin acts as an outstand- 
ing stimulating agent on the heart muscle in quantities of 0.001 to 0.005 
per cent solution. The writer observed diminished toxicity of bile 
salts when lecithin was added to the solution before intravenous 
injections. 

11. Cerebrin. Cerebrin occurs in bile in very small quantities. It 
inhibits the action of bile salts on the erythrocytes in vitro, A. Bayer 
(3), but probably has no effect in vivo because of its diminutive amount. 

Further experiments are necessary to elucidate the réle of these lipoids 
in the bile in normal] animals and then to determine their toxicity, if any, 
under pathologic conditions. 

Bile constitutes a channel of exit for sterols and much research needs 
to be done to determine whether they are excretions or of some value in 
the biliary fluid; very little has been done with them under normal or 
diseased conditions. (Editorial, Journ. Amer. Med. Assoc., 1927 (88) 
1322.) 

12. Mucin and pseudo-mucin. Mucin is added to the bile after it 
leaves the liver and serves as a protection for the biliary passages and 
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gall bladder. This particular mucin is different chemically from that 
secreted elsewhere. Intravenous injection is difficult but when added 
to the bile salts it does not increase the toxicity, but actually decreases 
it. Mucin in the gut delays absorption of bile salts and prevents bile 
from acting on the intestinal mucosa, Naunyn (65). Mucin prevents 
hemolysis of red blood cells, according to Macht, Grollman, and 
Hyndman (59). 

13. Other substances. ‘There are a large number of other substances in 
the bile. Extensive lists have been compiled, which show marked vari- 
ations in the constituents both qualitative and quantitative. The 
analyses for different species of animals show that bile contains many 
_ substances not found in the bile of other species. Even within the 
species, bile in the normal individuals varies considerably. Bile not 
only contains the substances previously mentioned, but also a large 
variety of other organic and inorganic substances. A large number of 
abnormal substances are excreted in the bile, such as bacterial toxins, 
poisonous metallic salts, and various dyes. Many substances occur in 
very small quantities and under normal conditions should not markedly 
modify the toxicity of bile. 

Under conditions of extensive metallic poisonings, the toxicity of the 
bile is probably increased. 

An attempt has been made to point out the most evident substances, 
rather than deal with an almost inexhaustible and yet scarcely known 
list of bile constituents. 

14. White bile. The finding of white bile at an operation was sup- 
posed to indicate a fatal outcome; Ritter (77), Judd (48), Rous (81), and 
Hanot (36) think the term itself is a misnomer. The writer was fortu- 
nate enough to obtain “‘white bile’ in two dogs with ligature of the 
common duct of several weeks’ duration. Injection of the so-called 
‘white bile’ did not produce any toxic symptoms. 

Many other colors of bile have been observed in various animals. 
Practically all of these variations in color have been found to be due to 
variations in the type of bile pigment which is non-toxic. 
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In the following an attempt has been made to assemble the large num- 
ber of observations which have of recent years been made in the field of 
carbohydrate metabolism in order to build some sort of organic struc- 
ture. Though the effects of only two hormones, insulin and epinephrine, 
are discussed, it is realized that other hormones have been shown to in- 
fluence carbohydrate metabolism. It has not been possible to consider 
every phase of carbohydrate metabolism or to give a complete biblio- 
graphy. Of some 3000 papers concerned in an experimental way with 
aspects of insulin action, only a fraction could be selected. Much that 
has been omitted will he found in the monngEAD enumerated under 
general bibliography. 


The writer is indebted to Dr. G. T. Cori for valuable help in the prep- 
aration of this manuscript. 
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1. ABSORPTION FROM THE ALIMENTARY CANAL. One of the first 
problems which presented itself when it was attempted to follow the 
fate of ingested sugar in the animal body, was a method permitting the 
determination of the total amount of sugar absorbed from the gut. It 
was found that when a known amount of sugar was fed by stomach tube 
to rats and the amount of sugar remaining in the intestinal tract at the 
end of the experiment was deducted, this represented the total amount 
of sugar absorbed (91). The possibility that part of the sugar disap- 
peared from the gut on account of bacterial action was tested experi- 
mentally. When solutions of glucose were placed into the excised small 
intestine of fasting rats and kept for 3 to 5 hours at body temperature, 
only small losses up to 50 mgm. were observed. Since nearly 1 gram of 
glucose was absorbed per 100 grams rat in 5 hours, these losses were not 
considered to be significant. Moreover, it was not certain that these 
losses were entirely due to bacterial action, because there was no rapidly 
increasing loss with time such as one would expect to be produced by 
multiplying bacteria; in fact the loss was often the same after 5 hours as 
after 3 hours. Unfortunately determinations after 1 hour had not been 
made. This has been done since with the result that 16 to 20 mgm. of 
glucose disappeared during 1 hour of incubation. It is possible that 
the surviving intestine used up part of this sugar. 

In rats the amount of sugar absorbed from hour to hour remained 
quite constant, though the amount of sugar present in the intestine 
diminished all the time. Even when the amount of sugar remaining 
in the gut was very small, there was no decided falling off in the rate of 
absorption (117). If on the other hand extremely large amounts of 
sugar were fed, this did not result in a more rapid absorption; it merely 
prolonged the period of absorption. It was therefore concluded that 
the rate of absorption is within wide limits independent of the amount 
of sugar present in the intestinal tract. This result has in general been 
confirmed by Auchinachie, Macleod and Magee (10). 

It may be mentioned here that various amino acids were also found 
to be absorbed at a constant rate in rats (95), a fact which has been 
confirmed by Wilson and Lewis (448). In contrast to this the rate of 
absorption of alcohol (126) and lactic acid (125) depended on the amount 
present in the gut. These are the substances which have been investi- 
gated so far in this respect. 

Glucose, galactose and fructose are absorbed more rapidly than sugars 
which do not occur frequently or in quantity in our diet, as for instance 
mannose, xylose and arabinose. Designating the rate of absorption of 




















CARBOHYDRATE METABOLISM 145 


glucose as 100, the following figures stand for the other sugars in the 
order just given: 110, 43, 19, 15, 9. The triose dihydroxyacetone, 
though it has a molecule one-half the size of that of glucose, is absorbed 
more slowly than the latter sugar, the ratio being 65 to 100 (101). This 
selective absorption of various sugars occurs not only in the intestine of 
the rat but has also been observed in the dog (Nagano, 340), in the cat 
(Hewitt, 227) and rabbit (Hédon, 219) and is probably true for other 
species as well. McCance and Madders (323) repeated the experiments 
with arabinose and xylose in rats and found exactly the same relative 
rates of absorption; rhamnose they found to be absorbed at a still slower 
rate. By an indirect procedure they calculated the rate of absorption 
of these 3 pentoses in man and obtained the same relative rates of ab- 
sorption as in the rat. 

In contrast to these findings each of the sugars mentioned was found 
to be absorbed at the same rate from the peritoneal cavity; also, the 
rate of absorption fell off when the amount of sugar present in the peri- 
toneal cavity decreased (92). This indicates that the highly selective 
action of the intestinal mucosa on sugars is not a property common to 
all absorbing membranes and that absorption from the peritoneum more 
obviously follows physico-chemical laws. 

As a rule absorption of a single foodstuff does not occur physiologically. 
It was therefore of interest to study absorption from mixtures of 
substances. So far, combinations of 2 sugars, of 2 amino acids, of 
sugars and amino acids, of glucose and lactic acid and of glucose plus 
alcohol have been tried. It was found with great regularity that when 
2 substances were fed simultaneously, the rate of absorption of each was 
reduced. This has been termed mutual inhibition of absorption. For 
example, when glucose and galactose were fed in a mixture (94), the 
total amount of sugar absorbed was not larger than if either sugar was 
fed separately. The explanation for this phenomenon seems to be that 
only a limited number of sugar molecules can pass through the intesti- 
nal epithelium per unit of time. For the same reason it was found im- 
possible to increase the rate of absorption of sugar no matter how much 
sugar wasfed. The rate of absorption is maximal even after a moderate 
carbohydrate meal and an additional supply of sugar is therefore with- 
out effect on the rate of absorption. No indication was obtained, as in 
the case of alcohol, that emptying of the stomach is a limiting factor, 
though perhaps more work is required to settle this problem definitely. 
It is noteworthy in this connection that an upper limit to the rate of 
absorption of alcohol from the small intestine could not be detected. 
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Though absorption of glucose from a pure solution proceeds much 
more rapidly than from a mixture of foodstuffs, no sugar passes into the 
urine of the rat. This does not hold for the mouse (98) and rabbit but 
seems to be true for dog and man. When galactose is fed to rats, large 
amounts of this sugar are excreted in the urine (104). After the first 
hour the amounts excreted remain virtually constant as is to be expected 
with a constant rate of absorption. Since galactose is absorbed more 
slowly (at about half the rate) from a mixture with glucose than from a 
pure solution, less is excreted and more is utilized in the tissues under 
these conditions (103). Absorption of lactose depends on enzyme 
action which proceeds more slowly than the absorption of the resulting 
monosaccharides so that lactose disappears only one-third as fast from 
the intestine of the rat as a mixture of equal parts of glucose and galac- 
tose. In this case a still larger percentage of the absorbed galactose is 
utilized though some sugar is still excreted in the urine. Finally, when 
lactose is fed to rats in the form in which it is most frequently ingested, 
i.e., in milk, no sugar appears in the urine. The presence of a large 
number of metabolites all undergoing absorption at the same time dim- 
inishes the absorption of galactose to such an extent that the rate of 
entrance of this sugar into the blood is below the rate of assimilation 
in the tissues. 

The general condition of the animal has a marked influence on the 
rate of absorption. Prolonged starvation markedly reduces the rate of 
absorption of glucose and fructose as is shown by the difference in the 
amounts absorbed in 24 and 48 hour fasting rats (102). Any other 
damage to the organism, as for instance a lack of vitamins in the diet, 
lowers the rate of sugar absorption (Pierce, Osgood and Polansky, 
367; Gal, 190). This cannot be regarded as characteristic for the vita- 
min deficiency since it may be the result of the decreased vitality of the 
animal. Under such conditions slow evacuation of the stomach might 
also be a limiting factor. In rats suffering from adrenal insufficiency 
absorption was shown to proceed at a rate slower than normal (100). 
Twenty and 40 hours after applying a sublethal dose of x-rays over 
the abdomen of rats, the rate of absorption of glucose was reduced 
19 and 56 per cent respectively, though no diarrhea or other symptoms 
were present at that time (unpublished). When the rats received the 
same amount of radiation over the thorax instead of the abdomen, this 
decrease in absorption was not observed. Interestingly enough, the 
selective action of the intestinal mucosa on sugars was not abolished by 
the x-ray treatment, since the ratio in the rate of absorption of glucose, 
fructose and mannose was the same as in normal animals. 
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Two-tenths milligram of epinephrine per kilo injected subcutaneously 
in rats has no effect on blood pressure (122), nevertheless, this dose low- 
ers the absorption of glucose by about 14 per cent (107). Dragstedt 
and Huffman (151) found that the blood pressure in dogs responds to 
smaller doses of epinephrine than does intestinal motility. In view of 
this an explanation of the effect of epinephrine on sugar absorption can- 
not be offered at the present time. Insulin, even in large doses, has 
hardly any effect on the absorption of sugars (101). If anything, it 
produces a slight acceleration. Recently, Thienes and Hockett (420), 
using the method of Cori, found that post-pituitary extracts reduce the 
rate of absorption of glucose by one half. Koref and Mautner (265) 
had previously shown the same to be true for the absorption of water 
from the intestine of rats, whereas insulin increased the rate of water 
absorption. Olmsted and Giragossintz (355) found that dogs under 
amytal narcosis absorb practically no glucose from the gut. In amy- 
talized rats absorption of glucose is depressed by about 30 per cent 
(unpublished). Kokas and Gal (264) found that yeast extract increased 
the rate of absorption of glucose in rats by 10 per cent. The influence 
of other substances on intestinal absorption is still awaiting a thorough 
investigation. 

In conclusion it should be pointed out that the blood sugar curve is 
not a measure of the rate of intestinal absorption. This entirely ob- 
vious fact is disregarded by many authors. If the blood sugar rises 
higher after the ingestion of glucose plus bile (276), or saponine (278), 
or alcohol (160) than after the ingestion of glucose alone, the conclusion 
is drawn that these substances enhance the absorption of glucose. The 
blood sugar curve is the resultant of several metabolic processes of which 
absorption is only one, all going on simultaneously at an unknown rate; 
it can therefore not be a measure of the rate of a single metabolic process 
such as absorption. On the other hand in many experiments, pub- 
lished in the literature, the possibility of a change in the rate of absorp- 
tion is not taken into consideration where it is quite likely that this 
alone might furnish an explanation of the results obtained. Slow in- 
travenous injection of the substance under investigation obviates this 
difficulty and this mode of application is therefore to be preferred in 
cases in which absorption cannot be determined. 

2. Boop suGcar. a. Methods. In recent years considerable prog- 
ress has been made in the determination of blood sugar. It has been 
recognized that the values obtained with previous methods were not 
true sugar values but included a varying amount of non-sugar reducing 
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substances. Owing to the fact that different methods were not affected 
to the same degree by these non-sugar reducing substances (Somogyi, 
401), large discrepancies were often observed when the same blood sam- 
ple was analyzed by different methods. The new procedures which 
allow the determination of true sugar and which ought now to be used 
in preference to the older methods are based on several principles: 
1. Total reduction and non-sugar reducing substances are determined 
separately and the true sugar values are obtained by difference. 2. A 
protein precipitant is chosen which carries down the non-sugar reducing 
substances, so that any of the more commonly used blood sugar methods 
can be applied to the filtrate. 3. Reagents are prepared which react 
with sugar but are not affected by the non-sugar reducing substances. 

For the determination of the true sugar content of the blood by dif- 
ference yeast is most commonly used, i.e., the reducing power is deter- 
mined before and after removal of sugar by fermentation. The yeast 
method was improved considerably by Hiller, Linder and Van Slyke 
(228) who showed that an incubation time of the blood-yeast mixture of 
30 minutes was sufficient for the complete removal of sugar. Folin and 
Swedberg (179) used tungstic acid filtrates and fermented for only 7 
minutes. With his yeast method, Somogyi (399) found that the amount 
of non-sugar reducing substances in normal human blood is very con- 
stant and independent of variations in the sugar content and that the 
corpuscles contain about ; of the reducing non-sugars. The latter 
finding is of importance since it follows from it that the ratio 
epee er is an illusory figure if based on apparent and not on true 

plasma sugar 

sugar values. Ignorance of the fact that the corpuscles contain most of 
the non-sugar reducing substances led to erroneous conclusions as for 
instance that this ratio rises above unity during insulin hypoglycemia 
(Rona and Sperling, 385) or that the capacity of the corpuscles to com- 
bine with sugar is impaired in diabetes (Wiechmann, 442). Somogyi 
(400) showed that the actual ratio of distribution of glucose between 
corpuscles and serum is practically the same (namely, 0.8) in blood from 
normal men, fasting or after the ingestion of glucose, and in blood from 
diabetic subjects. 

Instead of by yeast the sugar can be removed by bacteria (Hubbard 
and Allison, 241), by spontaneous glycolysis of the blood (Hiller et al., 
228) or by copper sulfate and lime (Salkowski-Van Slyke, 429). The 
latter procedure has been used for the determination of tissue sugar by 
Bissinger (34) and Holmes and Gerard (236). If non-fermentable sugars 
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(pentoses, galactose) are present in the blood, they can be determined 
quantitatively by means of the yeast method (Corley, 134). 

Somogyi (401) discovered that the filtrate after precipitation of the 
blood proteins with ZnSO, and NaOH in the cold is almost free of 
non-fermentable reducing substances. In this filtrate practically 
identical values are found when the Shaffer-Hartmann, Folin-Wu, 
Folin or Benedict methods are used and they all give true sugar values. 
Benedict and Newton (25) have shown that glutathione and thio- 
neine — both present in the corpuscles — are the most important non- 
glucose reducing substances in mammalian blood. In the plasma uric 
acid, creatinine and other nitrogenous substances are chiefly responsible 
for the small non-fermentable residue. The zinc filtrate of Somogyi has 
been found to be free of glutathione (Everett, 168; Herbert and Bourne, 
224). Somogyi (402) demonstrated that this filtrate also contains no 
uric acid. West, Scharles and Peterson (441) prepared blood filtrates 
free of non-sugar reducing substances by means of a mercuric sulfate or 
nitrate precipitation. Their method has been used to advantage by the 
author in the determination of tissue sugar. Folin (181), by preventing 
hemolysis of the corpuscles previous to precipitation of the blood, pre- 
pared tungstic acid filtrates free of non-sugar reducing substances. 
Herbert and Bourne have shown that glutathione remains in the cells 
under these conditions. Any of the common blood sugar methods can 
be used in conjunction with this filtrate. 

Benedict (24) elaborated a copper reagent which is so insensitive to 
the non-sugar reducing substances that it gives true sugar values in the 
original Folin-Wu filtrate even though it contains glutathione. Herbert 
and Bourne compared the non-sugar reducing values obtained by dif- 
ferent methods in the original Folin-Wu tungstic acid filtrate of human 
blood. The average values, expressed as glucose, were 28 for the 
Hagedorn-Jensen, 18 for the Hartman-Shaffer, 13 for the Folin-Wu and 
0 for the Benedict method. In the original Hagedorn-Jensen method 
the blood proteins were precipitated by ZnSO, and NaOH under heat- 
ing. This gives a filtrate which contains only small amounts of gluta- 
thione. However, when the ferricyanide method is applied to the 
original Folin-Wu filtrate the values are higher, owing to the fact that 
the glucose equivalent of glutathione as determined by the ferricyanide 
procedure is large. 

Recently Dische (147) and Rimington (378) isolated mannose from an 
acid hydrolysate of plasma. The latter author showed the mannose to 
be present in combination with glucosamine. Grevenstuk (207) has 
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just published a compilation of older work concerned with ‘bound 
sugar.” The present reviewer fails to see that a really convincing cor- 
relation of the amount of sugar, bound firmly to the plasma proteins, 
to changes in carbohydrate metabolism has been demonstrated. 

b. Blood sugar level. The blood sugar level depends on the relative 
rate at which sugar enters and leaves the blood stream. Maintenance 
of a constant blood sugar concentration requires an in- and out-flow of 
sugar of equal magnitude. When this equilibrium is disturbed the 
blood sugar may either rise or fall, depending on the preponderance of 
the processes which contribute or which cause a withdrawal of sugar 
from the blood. Since the blood sugar of mammals remains normally 
in the neighborhood of 0.1 per cent, there must exist a regulatory mech- 
anism which is set in motion whenever the blood sugar ranges much be- 
low or above this figure. It is now generally accepted that a rise in 
blood sugar elicits a secretion of insulin and that a fall in blood sugar 
below a certain level is followed by a discharge of epinephrine (see sec- 
tions 9 and 10). The mechanism of blood sugar regulation is therefore 
intimately connected with the action of these two hormones on blood 
sugar production and utilization. Two processes contribute sugar to 
the blood, namely, absorption of carbohydrate from the alimentary 
canal and sugar formation in the liver (from glycogen and other sources). 
The disappearance of blood sugar depends on its oxidation in the tissues 
and on its conversion into glycogen and fat; under certain conditions 
sugar is lost from the blood on account of excretion in the urine. In the 
following sections these processes will be considered separately and 
finally an attempt will be made to analyze the interrelation of these 
processes from the standpoint of the organism as a whole. 

c. Tissue sugar. Since sugar is a diffusible substance, it might be 
imagined that the passage of the sugar molecule into and out of the 
blood depends mainly on gradients of diffusion. That the tissues with 
the large surface of their capillary bed offer little resistance to the diffu- 
sion of sugar is shown by the fact that sugar leaves the blood extremely 
rapidly in the first minute after its injection. Mice received an amount 
of glucose intravenously which, provided it did not diffuse out, should 
have caused a blood sugar of 3 per cent, yet one minute after the injec- 
tion the blood sugar was only 1 per cent. From then on the blood sugar 
fell much more slowly, i.e., to 0.8 in the second and to 0.7 per cent in 
the third minute after the injection. In the above experiments on mice 
various sugars (galactose, fructose, mannose, arabinose) were found to 
penetrate into liver and muscles as rapidly as glucose (93). 
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plasma sugar 


tissue sugar 
view of this the determination of this ratio under various experimental 


conditions should be of considerable importance. Unfortunately the 
methods for the determination of tissue sugar have not been worked out 
as completely as those for blood sugar. Determinations of the sugar 
content of various organs which have been made in the past may be 
criticized on two accounts: post-mortem glycogenolysis was often 
checked insufficiently and above all, total reducing power including a 
large amount of non-sugar reducing substances instead of true sugar 
content was determined. For this reason a detailed account of these 
experiments will not be given. Recently, Power and Clawson (370) 
using a yeast method reported values of 22 to 30 mgm. per cent for fer- 
mentable sugar in muscle. In muscle extracts precipitated with 
mercuric sulfate and analyzed by means of the Benedict (24) method 
the values for “free sugar’’ ranged from 20 to 40 mgm. per cent at an 
arterial plasma sugar level of 110 to 155 mgm. per cent; insulin injec- 
tions did not cause a significant fall in muscle sugar (unpublished). 

In rats the blood sugar is distributed in 40 to 50 per cent of the body 
weight. Eight determinations were made of the true sugar content of 
entire rats after a fasting period of 24 hours (unpublished). Part of 
each tissue extract was precipitated according to West, Scharles and 
Peterson and another part according to Folin-Wu. In the latter case 
the non-sugar reducing substances were determined after removal of 
sugar by means of copper sulfate and lime and the value so obtained 
was deducted from the value for total reduction. The agreement be- 
tween these two procedures was fairly satisfactory. An average value 
of 46 mgm. of sugar per 100 grams rat was found. Assuming that the 
sugar was distributed in a volume corresponding to 50 per cent of the 
body weight, a blood sugar of 92 mgm. per 100 cc. was to be expected, 
while the (true) blood sugar actually determined in mixed arterial and 
venous blood was 91 mgm. per 100 ce. At a blood sugar level of 302 
mgm. per 100 cc. as the result of intravenous glucose injection into 
nephrectomized and eviscerated rats an average tissue sugar of 142 mgm. 
per 100 grams rat wasfound. This corresponds to a distribution in 47 
per cent of the body weight. In the rat the amount of sugar present 
in the tissues can therefore be calculated with a fair degree of accuracy 
if blood sugar concentration is known. It should be noted that the 
blood contains only a small fraction of the total sugar content of the 
body. In the two examples given above, assuming a blood volume of 


The gradients of diffusion depend on the ratio and in 
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7 ec. per 100 grams rat (149), only 14 and 15 per cent of the total sugar 
content of the body were present in the blood. (For distribution of 
sugar between blood and tissues of the mouse, see page 228.) 

3. GLYCOGENOLYSIS IN THE LIVER. Under postabsorptive conditions 
the organism depends on the liver for the supply of blood sugar, as is 
shown by the fact that removal of this organ causes hypoglycemia 
(Mann and Magath, 307). Though the muscles generally contain a 
store of glycogen which is at least equal to that in the liver, they are un- 
able to contribute glucose to the blood. Cases in which more sugar is 
found in venous than in arterial blood of a limb (184) seem te contradict 
this statement but may be explained by a release of sugar temporarily 
stored in muscle and especially in the skin (180). 

Since the blood sugar remains constant under normal postabsorptive 
conditions in spite of fluctuations in the rate of its utilization in the 
tissues, sugar production in the liver must be capable of very fine and 
rapid adjustment. The liver is able to convert a large variety of sub- 
stances into glucose; in most cases this probably does not occur directly 
but involves intermediary glycogen formation. The final step in the 
process of sugar formation in the liver consists therefore in the enzy- 
matic hydrolysis of glycogen. Among the various factors influencing 
the rate of sugar formation in the liver, insulin and epinephrine are of 
chief interest. 

a. The inhibiting influence of insulin. The low glycogen coritent of 
the liver of pancreatectomized dogs is too well known to require further 
comment, though this in itself does not reveal whether there exists an 
inability on the part of the diabetic liver to form glycogen or merely to 
retain it. Hédon and Giraud (220) transplanted the processus uncin- 
atus under the skin and removed the rest of the pancreas. After re- 
covery of the animal from the operation, the subcutaneous graft was 
removed which took but a few minutes. The blood sugar began to rise 
immediately. This seems to show that increased glycogenolysis sets 
in as soon as the supply of insulin is stopped. Lesser, and Lesser and 
Zipf (282) observed under carefully controlled conditions that the per- 
fused livers of pancreatectomized frogs formed sugar three to six times 
more rapidly than the livers of normal frogs. This indicates increased 
glycogenolysis and it was to be expected that addition of insulin would 
check this process. However, neither Noble and Macleod (351) nor 
Bissinger, Lesser and Zipf (32) were able to show an inhibitory action of 
insulin on hepatic glycogenolysis in experiments on isolated livers of 
turtles and frogs. Issekutz (245) found an explanation for these nega- 
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tive results. Taking into consideration that insulin acts very slowly in 
cold-blooded animals, he injected it into frogs the day previous to the 
experiment instead of adding it to the perfusion fluid as had been done 
by the authors referred to above. Under these conditions the sugar 
production of the perfused liver was reduced to one-fifth of the control 
value. (It was ascertained that this was not due to a lack of liver 
glycogen.) Addition of epinephrine to the perfusion fluid increased 
sugar production much less in the livers of frogs which had received 
insulin than in those without insulin injection. The results of Issekutz 
were confirmed in experiments on intact frogs (124). Insulin injected 
18 to 42 hours previously was found to inhibit the hydrolysis of liver 
glycogen which takes place when frogs are kept for 3 hours under anae- 
robic conditions. An injection of epinephrine was followed by increased 
hepatic glycogenolysis in frogs under aerobic as well as anaerobic con- 
ditions. In both cases insulin, injected 18 to 42 hours previously, had 
a strongly inhibitory effect. 

The results obtained on the isolated mammalian liver are not con- 
clusive. Issekutz (246) in perfusion experiments on the liver of rabbits 
was unable to inhibit sugar formation by addition of insulin to the cir- 
culating blood but he succeeded in inhibiting the additional sugar for- 
mation which resulted when epinephrine was present in the perfusion 
fluid. Bornstein and Griesbach (48) reported very similar results on 
the perfused livers of dogs. Bernhard (26) who perfused the livers of 
rats with Ringer solution was unable to demonstrate an inhibitory 
action of insulin on sugar production. Burn and Marks (63) also ob- 
tained negative results in perfusion experiments on the livers of cats 
and dogs. There is the possibility that the use of highly purified (crys- 
talline) insulin might give positive results. But the chief difficulty in 
experiments of this kind seems to be that it is practically impossible, 
even with the best technique available, to keep the mammalian liver 
outside of the body for any length of time without some serious loss of 
normal function. For this reason an effect of insulin which occurs in 
the intact animal, may fail of demonstration in the isolated organ. 

Fortunately experiments have been made on intact animals which 
support the idea that insulin also inhibits glycogenolysis in the mamma- 
lian liver, especially when this process proceeds at an augmented rate 
as the result of urethane anesthesia (O’Brien, 353), or asphyxia (Chai- 
koff, 74). Macleod, Noble and O’Brien (305) showed that the liver of 
rabbits injected with insulin plus epinephrine contained more glycogen 
than the liver of rabbits receiving epinephrine alone. This has been 
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confirmed by Sahyun and Luck (388) on the same species. The latter 
authors controlled the time factor in a satisfactory manner; they showed 
that the decrease in liver glycogen which occurs regularly at a certain 
time interval after the epinephrine injection (at a later period the liver 
glycogen increases above the original value) can be entirely prevented 
by an insulin injection. Cori, Cori and Buchwald (119) observed in 
rats that injection of both insulin and epinephrine resulted in an almost 
complete suppression of the decrease in liver glycogen and increase in 
blood sugar observable 15 minutes after the injection of epinephrine 
alone. Determinations of the sugar concentration in the in- and out- 
going blood of the liver before and after insulin injections showed that 
less sugar is liberated by the liver during hypoglycemia than at a normal 
blood sugar level (see p. 201). 

The experimental evidence so far presented is consistent with the view 
that insulin acts as an inhibitor of the glycogenolytic process in the liver. 
At first thought this view would seem to be contradicted by the fact 
that insulin injections often cause a diminution in the glycogen content 
of the liver of normal animals, as was shown by Dudley and Marrian 
(154) and was subsequently confirmed by other investigators. In fast- 
ing animals with low glycogen reserves subconvulsive doses of insulin 
produce either no change or a fall in liver glycogen during the period of 
hypoglycemia (McCormick and Macleod, 325; Cori, 85; Grevenstuk 
and Laqueur, 206; Barbour et al., 16; Corkill, 131). (Experiments in 
which an increase in liver glycogen has been observed will be referred 
to in section 4.) In well nourished animals with high liver glycogen 
insulin causes a fall in liver glycogen if the hypoglycemia persists for 
some time (85), (106), (119); (Laufberger, 279; Corkill, 131). 

The decrease in liver glycogen can be explained in other ways than 
by a direct action of insulin on the liver. It is true that Biirger (60) and 
Collens and Murlin (80) came to the conclusion that insulin has a direct 
accelerating effect on glycogenolysis in the liver, especially in the early 
period of its action, but Neuwirth et al., (349) and Geiling and De- 
Lawder (199) showed that the initial rise in blood sugar is due to im- 
purities present in certain commercial insulin preparations; with crystal- 
line insulin this rise does not occur. Biirger (61) also reported recently 
that an “initial hyperglycemia”? cannot be demonstrated with com- 
mercial insulin preparations, other than those originally used by him 
which points to the unspecific nature of the effect. 

The decrease in liver glycogen after insulin injection is generally 
associated with hypoglycemia and there is reason for believing that the 
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latter is a powerful stimulus for glycogenolysis. The fall in liver gly- 
cogen would therefore not be caused by insulin but would be of the 
nature of a secondary phenomenon. An increased discharge of epineph- 
rine from the adrenals has been held responsible for the decrease in 
liver glycogen (Cannon et al., 69) but since insulin causes just as marked 
a decrease in liver glycogen of completely adrenalectomized animals 
(table 1), this can at best be an additional factor. 

The normal fasting animal with its slow rate of hepatic glycogenolysis 
is ill-suited for a demonstration of the inhibitory effect of an insulin 
injection. If at all, this effect could be observed only in the very early 
stages of insulin action, before the increased demand for sugar in all 











TABLE 1 
Influence of insulin on liver glycogen of mice in postabsor ptive state 
poop svaan | guiten, | Nixnme! 
wy per cent 

Adrenals intact* 
ER re 131 1.47 | 16 

15 to 60 minutes after insulin (0.01 to 
EE Vina cl dae ssc caacenseees 66 0.90 | 16 

| 

Adrenals removed 25 days previouslyt 
EE Oe 139 2.16 | 14 

35 to 45 minutes after insulin (0.01 to 
De icy ccuve kesh cee cis 82 0.79 | 14 








* From Cori (85). 
+t From Cori and Cori (100). 


tissues has led to hypoglycemia. Even if at this period glycogenolysis 
were suppressed completely, no appreciable accumulation of liver gly- 
cogen could be expected, since the rate of new formation of liver glycogen 
is too low. In confirmation of this it was found (119) that 15 minutes 
after injecting insulin into rats with good glycogen stores, i.e., at a time 
when the blood sugar had not yet diminished, the glycogen content of 
the liver was the same as in uninjected controls (an average of 2.32 and 
2.44 per cent respectively). Lest it be supposed that insulin did not act 
during that time, reference is again made to the fact that the same dose 
of insulin (2.4 units per kgm.) prevented the decrease in liver glycogen 
which is regularly observed 15 minutes after an epinephrine injection. 
In later periods of insulin action, when the blood sugar begins to fall, 
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the inhibitory effect on glycogenolysis is overcome and the liver is forced 
to give up its glycogen. Thus it was found that 1 hour after insulin 
injection the liver glycogen was markedly lower than that of the control 
animals, i.e., 1.08 as compared to 2.35 per cent. The average (true) 
blood sugar of the injected rats at this time was about 60 mgm. and no 
hypoglycemic symptoms were noted. 

If in addition to a rapidly proceeding glycogenolysis there occurs a 
rapid new formation of carbohydrate from protein, as is the case in the 
diabetic or phlorhizinized animal, insulin injections not only retard 
glycogenolysis but lead to a considerable increase in liver glycogen in 
the fasting animal (85; Hédon, 221). This is due to the fact that the 
new formation of carbohydrate persists for some time after the insulin 
injection and that there is thus material available for glycogen deposi- 
tion in the liver. The large amount of sugar present in blood and 
tissues of the diabetic animal is an additional source of liver glycogen. 

In summarizing it may be said that when insulin is lacking the enzy- 
matic hydrolysis of liver glycogen remains unchecked. This leads to 
the disappearance of liver glycogen. A continuous supply of insulin by 
the pancreas is therefore essential for the preservation of hepatic 
glycogen. 

b. The accelerating effect of epinephrine. Whereas one of the functions 
of insulin in the body is an inhibition of sugar formation in the liver, 
epinephrine has the opposite effect. This is shown by the fact that 


‘ perfusion of the frog or turtle liver with a Ringer solution containing a 


minute amount of epinephrine markedly increases the sugar formation 
(Fréhlich and Pollak, 187). On changing back to Ringer solution con- 
taining no epinephrine the sugar formation returns to the basal level, 
indicating that the process is reversible (Lesser, 283). Increased gly- 
cogenolysis has also been demonstrated in the perfused mammalian 
liver when epinephrine was added, though the effect was not as marked 
nor as regular as in the experiments on the liver of cold-blooded animals 
(Masing, 321; Starkenstein, 409; Abelin, 2; Schenk, 391; Bornstein and 
Griesbach, 45; Bodo and Marks, 39). 

In the intact animal an immediate effect of the epinephrine injection 
is a decrease in liver glycogen and an increase in blood sugar. Though 
such a decrease has been postulated for a long time, the evidence for it 
has been far from satisfactory. It is only recently that this has been 
demonstrated unequivocally and that the exact time relations have 
been determined. A review of the literature on this subject covering 
the period from 1904 to 1926 was included in a paper by Cori and Cori 
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(106). The experimental results of 8 authors who claimed to have ob- 
served a decrease in liver glycogen were given in detail and certain short- 
comings of their technique were pointed out. The conclusion was 
reached that none of these authors proved his point in a convincing man- 
ner if modern standards are applied and that it remained to be shown 
under what conditions and after what doses of epinephrine liver glyco- 
gen diminishes. Sahyun and Luck (388), using rabbits after a fasting 
period of 24 hours, injected 0.5 mgm. of epinephrine per kilo subcuta- 
neously. They observed a diminution in liver glycogen lasting for 
13 hours. Two hours after the injection the glycogen content of the 
liver was still below the basal level but was distinctly higher than after 
land 14hours. After 3 hours the hepatic glycogen had risen above the 
original level though hyperglycemia was still present and from then on 
continued to rise up to the 18th hour (ef. fig. 2). 

Since Sahyun and Luck injected a dose of epinephrine which causes 
sugar excretion in the urine, there was the possibility that a decrease 
in liver glycogen occurred after glycosuric doses only. The experiments 
were therefore repeated by Cori, Cori and Buchwald (119) on white 
rats with doses of epinephrine which produced hyperglycemia but not 
glycosuria. Cori and Cori had observed previously in rats in the fast- 
ing (105), postabsorptive (106) and sugar fed state (107) that 3 to 4 
hours after epinephrine injection the liver glycogen was invariably 
higher than in control animals and they concluded that the increase in 
liver glycogen had its source in lactic acid derived from muscle glycogen. 
In some experiments liver glycogen had also been determined 1 and 2 
hours after the injection without noting however a decrease in liver 
glycogen. In view of these results it became evident that a fall in 
liver glycogen if it occurred at all in rats could only take place within 
a very short time interval after the epinephrine injection. It was found 
that the liver glycogen fell from an average of 2.44 to 1.69 per cent in the 
first 15 minutes of epinephrine action. Calculation of the standard 
deviation showed that this decrease was quite significant. One hour 
after injection the liver glycogen had almost returned to the original 
level (2.14 per cent as compared to 2.35 per cent for the controls which 
were injected with salt solution), and 3 hours after the epinephrine in- 
jection it had risen to 3.41 per cent while the corresponding value for the 
controls was 2.08 per cent (cf. fig. 1). Taking into consideration that 
metabolic changes are much more rapid in rats than in rabbits, the re- 
sults obtained with these two species are in excellent agreement. It 
may be concluded that even non-glycosuric doses of epinephrine produce 
a temporary fall in liver glycogen. 
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The decrease in liver glycogen in the beginning of epinephrine action 
indicates that glycogenolysis is proceeding more rapidly than new forma- 
tion of liver glycogen (from blood lactic acid). In later periods of 
epinephrine action the reverse takes place, the rate of new formation 
exceeds the rate of mobilization, the end result being an increase in liver 
glycogen above the original level. An increase in liver glycogen of 
starved rabbits after repeated epinephrine injections has been noted be- 
fore by Pollak (368), Kuriyama (273) and Markowitz (314). None of 
these authors was able to offer an explanation for this seemingly paradox- 
ical phenomenon. Recently Corkill (131) observed a rise in liver gly- 
cogen in young rabbits 2 hours after subcutanecus injection of about 
0.2 mgm. per kgm. 

The rise in liver glycogen after epinephrine injections is an illustration 
of the fact that the basic action of a hormone on a certain organ is often 
obscured by other changes which this hormone produces in the body. 
Another example in point is the decrease in liver glycogen during insulin 
hypoglycemia. 

The results just presented make it clear that epinephrine alone is of 
very doubtful value as a deglycogenating agent of the liver, though it 
has been used repeatedly for this purpose in the past. This shows that 
an accurate knowledge of the action of epinephrine on liver glycogen has 
been lacking until recently. Of the 8 authors referred to above, who 
performed their experiments on rabbits and dogs and who claimed to 
have observed a decrease in liver glycogen, only 4 made their determina- 
tions within 2 to 3 hours after the injection. All others made their 
analyses either at a time interval after the injection at which, according 
to the observations of Sahyun and Luck, the liver glycogen is definitely 
elevated or they killed their animals 24 to 36 hours after the injection 
when nothing can be learned about the action of epinephrine. Of those 
who made their observations soon after the injection, 3 authors per- 
formed a laparotomy, injected massive doses of epinephrine (up to 2 
mgm. per kilo) into a mesenteric vein and removed several samples of 
liver. They made however no control experiments without the injec- 
tion of epinephrine so that the decrease in liver glycogen observed is 
not conclusive. This leaves only Drummond and Patton (152) who 
made determinations in two rabbits 2 hours after a subcutaneous in- 
jection and found less liver glycogen than in one control rabbit. Sahyun 
and Luck who made an independent search of the literature for the 
period of years indicated could add but one more author who determined 
liver glycogen 3 hours after the injection but who used a histological and 
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not a chemical method. Since 1926 Eadie (158) observed a decrease 
in liver glycogen in 2 amytalized cats 1} hours after the subcutaneous 
injection of 1 mgm. per kilo and Olmsted and Coulthard (354) recorded a 
slight decrease in decapitated cats. It is to be noted however that 
amytal modifies the action of epinephrine on the liver, since the anes- 
thetic retards or inhibits the synthesis of lactic acid to liver glycogen 
and enhances glycogen mobilization (113). 

The quantitative relationship between the amount of sugar set free 
in the liver during epinephrine action and the resulting hyperglycemia 
will be discussed in section 19. 

c. The mechanism of glycogenolysis. The presence of both glycogen 
and glycogenase in the same cell makes it necessary to assume that a 
large part of the enzyme is unable to act on the substrate, otherwise the 
glycogen would quickly disappear from the liver. That the glycoge- 
nase can be considerably more active than under in vivo conditions is 
shown by the rapidity of post-mortem glycogenolysis (288). To men- 
tion only three possibilities, the enzyme may be relatively inactive in the 
intact liver because it requires an activator or because it is blocked by an 
inhibitory substance; or the enzyme may be adsorbed on some structures 
in the cell and thus be removed from the sphere of action. Considering 
the first two possibilities epinephrine could be regarded as an activator 
and insulin as an inhibitor. Since neither of these hormones has an 
effect on the extracted glycogenase this theory cannot be accepted. 
Langfeldt’s (277) experiments which seemed to show an influence of 
epinephrine on the pH optimum of the extracted glycogenase of the 
liver have been disproved by Davenport (143); he showed that the re- 
sults were due to the addition of Cl-ions and not to epinephrine; insulin 
also had no effect on the activity of extracted liver glycogenase. 

Lesser (284) brought forward experimental evidence which is in favor 
of the third possibility mentioned. He tested the action of epinephrine 
on the amylase of the salivary gland (287) and found in this way a pos- 
sible explanation for the behaviour of the glycogenase of the liver. 
When the parotid of the mouse—a small structure a few millimeters in 
diameter—is kept in oxygenated Ringer solution at 37°C., only a small 
fraction of the total quantity of enzyme present in the gland diffuses 
into the surrounding solution; the larger part is not freely diffusible and 
must therefore be bound in some way in the cells. When the gland is 
killed, the entire quantity of enzyme becomes diffusible. Addition of 
epinephrine in a concentration of 1 to 500,000 to the living gland causes 
an increase in the amount of enzyme diffusing out, though the total 
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quantity of enzyme is not augmented. Three alcohols (propyl, butyl 
and amyl), when added in isocapillary concentration and in such quan- 
tities to the Ringer solution that the oxygen consumption of the gland 
as measured in Warburg manometers was not diminished, had the same 
effect as the addition of epinephrine. The fact that the same quantity 
of amylase was liberated by alcohols in isocapillary and not in isomolar 
concentrations shows that the action of these aleohols depends on their 
surface activity. It might be imagined that they act on some boundary 
surface in the cell where the amylase is adsorbed and thus set part of the 
enzyme free. 

It is of great interest that these 3 alcohols in isocapillary concentra- 
tion were also found to liberate the same amount of sugar in the perfused 
liver (Lesser and Zipf, 285). This does not look like a coincidence and 
suggests the same mechanism as in the salivary gland, namely, a libera- 
tion of the liver enzyme by the surface active substances. That the 
liver enzyme does not diffuse out of the cells may be due to the fact 
that it comes in contact with its substrate, glycogen, as soon as it is set 
free. At any rate, since the glycogenase does not leave the liver cells, 
conditions are very favorable for a reversion of the process, namely, for 
a re-adsorption of the enzyme. 

According to this hypothesis the largest part of the glycogenolytic 
enzyme is adsorbed and only a small fraction is free and therefore in an 
active state in the liver of the normal animal, while the opposite is the 
case in the liver of the diabetic animal. Insulin either directly or in- 
directly would cause a re-adsorption of the enzyme and thus diminish 
sugar production in the liver, while epinephrine would increase sugar 
formation by liberating part of the bound enzyme. It will be recalled 
that Willstatter and his collaborators used as a general method of puri- 
fication of enzymes adsorption on highly specific substrates with subse- 
quent liberation of the enzyme. Reference is also made to the work of 
Przylecki and Wojcik (371) who made preparations of liver protein 
with a marked adsorbing capacity for the glycogenolyticenzyme. From 
a physico-chemical standpoint adsorption, liberation and re-adsorption 
of an enzyme is quite acceptable. Whether or not this is acceptable from 
physiological standpoint will require further investigation. 

It needs hardly to be emphasized that one is dealing here merely with 
a working hypothesis. The reason for introducing it is, that eventually 
the action of insulin and epinephrine on the glycogenolytic process in 
the liver will have to be explained in some such terms and that it is there- 
fore of importance to call attention to at least one possible mechanism 
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by means of which these hormones might influence enzyme activity in 
the cells. 

4. GLYCOGEN FORMATION IN THE LIVER. When food containing car- 
bohydrate is taken, glycogen is deposited in the liver. But even witha 
diet practically free of carbohydrate the glycogen stores of the liver (and 
rest of the body) are not depleted (Osborne and Mendel, 356). This 
is due to the fact that a variety of non-carbohydrate substances can 
serve the liver as material for glycogen formation. During starvation 
this faculty of the liver to form glycogen from sources other than carbo- 
hydrates is of special importance since it prevents a complete exhaustion 
of glycogen. 

Little is known about the different steps involved in the transforma- 
tion of sugar into hepatic glycogen, except that the process does not 
occur anaerobically and is therefore dependent on the supply of oxida- 
tive energy. The rate at which various sugars are converted into liver 
glycogen is not the same. Insulin influences the rate of glycogen for- 
mation in the liver from sugars, though it remains to be seen whether or 
not this is a direct effect. Before considering these and other problems 
in detail, it may be well to include a few remarks on the methods which 
are used to investigate glycogen formation in the liver. 

a. Methods. For various reasons small laboratory animals, especially 
the rat, are well suited for an investigation of glycogen formation in the 
liver. Here are some of the reasons: 1. A large number of animals of 
the desired uniformity of stock, age and nutritional condition is easily 
obtainable. 2. The rat shows a very constant and very low glycogen 
content after 24 hours of fasting and the gastro-intestinal tract is empty 
at that time. 3. The liver is small enough to be analyzed in toto which 
obviates any source of error on account of unequal distribution of gly- 
cogen in different lobes. 4. Since rats can easily be fed by stomach 
tube and since a simple method is available for the determination of 
absorption from the intestinal tract, glycogen formation in the liver can 
be brought in relation to the amount absorbed. 5. The rat as an omni- 
vorous animal is more closely related to man in a metabolic sense than 
dog or rabbit. 

When rats with a high glycogen content of the liver and empty intes- 
tinal tract are desired, the following procedure may be followed (119). 
After a fasting period of 24 hours the rats are fed by stomach tube an 
amount of glucose which corresponds to the average amount absorbed in 
3 hours (about 600 mgm. per 100 grams rat). Four hours after the 
feeding one can be sure that all sugar has been absorbed even if the in- 
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dividual variations in the rate of absorption are taken into considera- 
tion. At this time the animals are therefore in the postabsorptive state 
and their liver glycogen is high and quite uniform; (in one series of 8 
experiments it was 2.44 + 0.35 per cent). 

Attempts have been made to overcome the marked variations in liver 
glycogen which are found in large laboratory animals, particularly the 
rabbit. Drastic procedures to rid the liver of glycogen, as for instance 
phlorhizin or strychnine injections plus exposure to cold, are not recom- 
mended because they result in an impairment of the faculty of glycogen 
formation. Another possibility is to follow glycogen formation in the 
same animal by repeatedly removing small pieces of liver. When this 
is done under anesthesia, one must be aware of the fact that all anesthet- 
ics so far available, including amytal, (Hines et al., 232), have a de- 
pressive influence on glycogen formation in the liver. Furthermore, 
anesthesia and laparotomy, even if the greatest possible care is taken, 
are liable to be followed by an increased release of epinephrine from the 
adrenals. (See Trendelenburg, X.) The writer (83) devised an ab- 
dominal window which was inserted in a preliminary operation. This 
obviated the use of anesthesia in the rabbit since the liver became easily 
accessible and pieces of it could be removed without causing any pain 
to the animal. A number of authors have used this method with mod- 
erate success. (Grevenstuk and Laqueur, 206; Ehrismann, 161.) 
The difficulty was that stopping the hemorrhage by cautery, while very 
effective, proved to be an unsatisfactory procedure because the animal 
is severely damaged by absorption of toxie products. Recently it has 
been found that a high frequency current applied to the cut surface of 
the liver while it is being compressed stops hemorrhage perfectly without 
causing more than a superficial necrosis. Even with this improvement 
serial determinations on rats seem preferable to taking samples of liver 
from one and the same animal. 

The method of obtaining the liver for analysis is of some importance. 
Whichever the technique adopted it is highly desirable that it be strictly 
standardized because then the unavoidable loss of glycogen will be 
quite uniform. It is perhaps not generally appreciated how quickly 
liver glycogen may be split. This applies particularly to bleeding as 
Palmer (359) has shown. He determined the glucose content of the 
liver and found it to be increased within 5 to 10 seconds after bleeding 
had started. Stunning the animal leads to intense nervous discharges 
which may cause a loss of glycogen. Since some large laboratory ani- 
mals (cats, rabbits) can be anesthetized momentarily and without pre- 
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liminary excitement stage by an intravenous injection of a massive dose 
of amytal, this would seem to be a good method, especially because it 
permits removal of the tissue from the living animal. Rats can be anes- 
thetized rapidly by intraperitoneal injection of amytal. After removal, 
the tissue cut into a few strips, should either be placed at once in tared 
flasks containing 60 per cent potash or it should be kept frozen until it 
can be dropped into the potash solution. The analysis according to 
Pfliiger’s method is too well known to require description. The advan- 
tage of centrifugation over filtration in the separating and washing of 
the glycogen precipitate has often been emphasized, especially when the 
quantities to be analyzed are small. Osterberg (357) has recently de- 
veloped a micro technique based on the principle of Pfliiger’s method, 
by means of which he could recover quantitatively as little as 0.02 mgm. 
of added glycogen. Non-sugar reducing substances in the final glyco- 
gen hydrolysate have to be taken into consideration when highly sensi- 
tive micro methods are used. 

b. Glycogen formation from various sugars. When glucose, fructose or 
galactose were fed by stomach tube to rats fasted for 48 hours and groups 
of animals were killed each hour for the determination of liver glycogen, 
curves could be constructed for each sugar representing the rate of gly- 
cogen formation in the liver (97). The curve for glucose was S-shaped. 
There was a relatively slow rate of glycogen deposition in the first 2 
hours of glucose absorption, a rapid deposition between 2 and 4 hours 
and a marked falling off after 4 hours. These variations in the rate ef 
glycogen deposition were not due to an unequal absorption of glucose 
from the intestine since this remained constant from hour to hour. 
The initial slow rate of glycogen formation is probably due to the effect 
of the preceding starvation on the liver. In rats this organ loses more 
than 30 per cent of its weight during 48 hours of starvation and the 
glycogen content is reduced to 0.3 per cent. The fact that insulin pro- 
duction of the pancreas is at a low level during starvation may also play 
a réle, especially since it requires some time before a sufficient amount 
of insulin is given off in response to the influx of sugar into the blood. 
In rats fasted for only 24 hours (107) the initial lag in the deposition of 
liver glycogen is not nearly so marked as in rats fasted for 48 hours 
which supports the idea that this phenomenon is caused by inanition. 
The decrease in the rate of glycogen formation after 4 hours in spite of a 
constant supply of glucose from the gut may be explained by the fact 
that there must be a limit to the capacity of the liver to store glycogen 
and that less and less is deposited as this limit is appreached. 
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The glycogen curve for fructose in rats fasted for 48 hours is similar 
to that for glucose except that all values are slightly higher. A lag in 
glycogen deposition in the liver is only noticeable in the first hour, from 
the second to fourth hour the rate of glycogen formation remains vir- 
tually constant and after 4 hours there is again a falling off in glycogen 
formation. 

During absorption of galactose, liver glycogen was formed one-third 
as rapidly as during the absorption of glucose or fructose. 

The following percentage figures illustrate how much liver glycogen 
is formed during 4 hours of absorption of various sugars from the ali- 
mentary canal of rats fasted for 24 and 48 hours. Fasted for 24 hours: 
Glucose 5.3, fructose 5.7, dihydroxyacetone 4.0 per cent. Fasted for 
48 hours: Glucose 3.7, fructose 3.95, galactose 1.16 per cent. Taking 
these figures at their face value one has to conclude that fructose is the 
best glycogen former in the liver and that long inanition markedly re- 
duces the capacity of the liver to form glycogen. It has to be considered 
however, as mentioned in a preceding section, that each sugar is absorbed 
at a different rate and that less sugar is absorbed after 48 hours of fasting 
as compared to 24 hours. The following figures which correspond to the 
amounts of sugar absorbed per 100 grams rat per 4 hours illustrate this 
point. Fasted for 24 hours: Glucose 1060, fructose 540, dihydroxyace- 
tone 690 mgm. Fasted for 48 hours: Glucose 714, fructose 320, galac- 
tose 740 mgm. Knowing the weight of the liver, one can calculate what 
percentage of the total amount of sugar absorbed in 4 hours is retained 
in the liver as glycogen. This is shown in the following values. Fasted 
for 24 hours: Glucose 18, fructose 38, dihydroxyacetone 21 per cent. 
Fasted for 48 hours: Glucose 17, fructose 39, galactose 5 per cent. On 
the basis of this comparison which takes into account the inequalities 
in absorption, fructose is by far the best glycogen former in the liver. 
There is however no difference between the rats fasted for 24 and 48 
hours as regards the percentage of sugar absorbed that is retained as 
liver glycogen. 

c. Influence of sugar concentration in the blood. Apart from the chem- 
ical configuration of the sugar molecule and the rate of absorption from 
the intestine, there is still another factor which influences the amount of 
glycogen deposited in the liver, namely, the blood sugar concentration. 
If this is taken into account the inferiority of galactose as glycogen 
former in the liver becomes even more marked. The average blood 
sugar concentration during absorption of this sugar in rats is about 330 
mgm. per 100 cc., while in the case of glucose it is about 180 and of 
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fructose 150 mgm. per 100 ec. Fructose, on the other hand, has a re- 
markable ability to form liver glycogen since its concentration at the 
blood sugar level indicated is below 50 mgm. per 100 cc. If fructose 
were changed to a, 8-glucose before being converted into glycogen, the 
keto sugar could not form liver glycogen more rapidly than glucose. 
It is therefore probable that glycogen formation in the liver from fructose 
does not take place via a, 8-glucose. 

The influence of the sugar concentration on the rate of glycogen for- 
mation in the liver is shown in the following experiments (113). Glu- 
cose was injected intravenously into nephrectomized and amytalized 
rats. One group of rats was injected at a rate of 400 and the other of 
300 mgm. per 100 grams of body weight per hour. After 2 hours of 
injection the former group had an average blood sugar of 660 mgm. and 
had deposited 2.6 per cent liver glycogen. The latter group ended up 
with an average blood sugar of 410 mgm. per 109 cc. and had formed 
only 1.4 per cent liver glycogen. Since only a small fraction of the total 
amount of glucose injected was deposited as liver glycogen (12 and 9 per 
cent respectively), it was assumed that the difference in blood sugar con- 
centration and not in the amount of glucose administered was responsi- 
ble. This could be confirmed in experiments in which the same amount 
of glucose was injected as in the first group but in which the blood sugar 
was kept at a lower level by means of an insulin injection. Under these 
conditions the blood sugar was only 300 mgm. per 100 cc. after 2 hours 
of glucose injection and the amount of glycogen deposited in the liver 
amounted to only 1.3 per cent. It seems therefore fairly well estab- 
lished that the blood sugar concentration is a factor influencing the rate 
of glycogen formation in the liver. 

d. Glycogen formation from amino acids, glycerol and lactic acid. It 
has been recognized for a long time that protein is a source of glycogen 
in the animal organism. It is also known which of the amino acids are 
convertible into glucose in the diabetic or phlorhizinized animal. Gly- 
cogen formation in the liver after administration of proteins to normal 
animals has frequently been reported (see Rapport, VI). Recently Wilson 
and Lewis (449) fed d- and d,1l-alanine by stomach tube to rats fasted 
for 24 hours and observed an average glycogen value of the liver of 0.65 
per cent after 3 hours of absorption, while the controls contained 0.2 
per cent liver glycogen. Oral administration of glycine and |-leucine 
did not lead to the deposition of significant amounts of liver glycogen 
during absorption periods of 1 to 4 hours, while the ingestion of d-glu- 
tamicacid was followed bya slight increase in liverglycogen. Thehigher 
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rate at which alanine forms liver glycogen as compared to glycine may 
be due to its more rapid absorption and its greater ease of conversion 
into glucose. During starvation the amino acids arising from the cata- 
bolism of body protein may be regarded as a source of liver glycogen. 

Of several substances containing 3 carbon atoms which are capable 
of forming liver glycogen, one has already been mentioned, namely, the 
triose dihydroxyacetone. The first unequivocal result with glycerol 
was obtained by Catron and Lewis (73a), who fed glycerol by stomach 
tube to rats fasted for 24 hours and determined the glycogen content of 
the liver at hourly intervals after the feeding. They observed a pro- 
gressive increase in liver glycogen amounting to 2.4 per cent after 4 hours. 
This result is of importance for the problem of new formation of liver 
glycogen during fasting; it shows that 10 per cent of the catabolized fat 
is a potential source of liver glycogen. Reference may be made in this 
connection to the observation of Burn and Ling (64) that rats main- 
tained for several days on a pure fat diet deposited up to 5 per cent of 
liver glycogen. It seems probable that the glycerol moiety of the fat 
molecule was responsible for this finding. Other authors failed to ob- 
tain (Bodey et al., 38) or obtained only very moderate increases (Takao, 
418) of liver glycogen on pure fat diets. 

Another substance belonging to the 3 carbon atom group is lactic 
acid. When sodium d-lactate (sarco-lactic acid) was fed to fasted rats 
or was injected subcutaneously, a deposition of liver glycogen took 
place (110). Since 40 to 95 per cent of the d-lactate absorbed in 3 hours 
was retained as liver glycogen, this substance surpasses even fructose in 
this respect. In contrast to this, l-lactic acid though it was absorbed at 
the same rate, formed practically no liver glycogen and was excreted to 
a large extent in the urine. It was estimated that the levo-isomer was 
utilized one-fourth as rapidly in the rat as the dextro isomer. This dis- 
crimination of the body cells between the 2 isomers explains the obser- 
vation that for an equal amount absorbed, racemic lactic acid forms less 
liver glycogen in the rat than dextro lactic acid. A marked difference in 
utilization between the 2 isomers of lactic acid had been noted previously 
by Parnas (360) in feeding experiments on rabbits and by Meyerhof and 
Lohmann (333) in experiments on tissues of the rat in vitro. 

The demonstration of glycogen formation in the liver from lactic acid 
establishes an important link between the carbohydrate metabolism of 
liver and muscle. It shows that muscle glycogen is not ‘“‘locked away” 
as Macleod once expressed it. Muscle glycogen can be converted to 
liver glycogen by way of blood lactic acid and thus becomes available as 
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blood sugar. Since blood sugar is convertible to muscle glycogen, the 


glucose molecule is capable of a complete cycle in the animal body. It 
can be in turn: 
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The statement often encountered that muscle glycogen is unavailable 
as blood sugar is true only for the hepatectomized animal. It has al- 
ready been mentioned that epinephrine causes an escape of lactic acid 
from muscle and that a large part of this lactic acid is converted to liver 
glycogen. Lactic acid passing into the blood stream during muscular 
contraction undergoes the same fate (Himwich et al., 230; Long and 
Grant, 297). Removal of blood lactic acid by the liver is therefore an 
important phase of carbohydrate metabolism. 

e. The influence of insulin and epinephrine. Four investigators who 
injected varying amounts of insulin during sugar absorption (Cori, 97; 
Barbour et al., 16; Goldblatt, 202; Corkill, 131) failed to observe an ac- 
celeration of the rate of glycogen formation in the liver. In fact, even 
though pronounced hypoglycemia was avoided in these experiments, 
the amount of liver glycogen deposited was distinctly less. For in- 
stance, in rats only 6 per cent of the glucose or fructose absorbed during 
4 hours and only 2 per cent of dihydroxyacetone (101) were deposited as 
liver glycogen when insulin was injected, while under identical conditions 
but without insulin injections the corresponding figures were 18, 38 and 
21 per cent. When the same blood sugar level was maintained in insul- 
inized and control animals by supplying more sugar to the former than 
to the latter, all that could be demonstrated was a glycogen deposition 
of the same magnitude in both groups of rats (113). 

These experiments show that deposition of liver glycogen cannot be 
improved in the normal organism by creating an excess of insulin in the 
body. The insulin supplied by the animal’s own pancreas establishes 
optimal conditions for glycogen deposition in the liver so that a further 
supply of insulin in the form of an injection cannot accelerate this proc- 
ess. In other words, the experimental conditions are not favorable 
for a demonstration of this action of insulin, should it exist. They leave 
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the question undecided as to whether or not the insulin secreted by the 
pancreas has a direct effect on glycogen synthesis in the liver. 

It could be argued that in case insulin were not needed for glyeogen 
synthesis in the liver, a deposition of liver glycogen should be demon- 
strable in diabetic animals after glucose administration. Nishi (350) 
claims to have demonstrated glycogen formation in the liver of diabetic 
turtles but in experiments on the mammalian liver the results have been 
mostly negative with the exception of those of Paulesco (362). On the 
other hand, when insulin is injected into diabetic animals, a deposition 
of liver glycogen takes place in sugar fed (14) as well as in fasting ani- 
mals (85) (Hédon, 221). This would seem to be conclusive evidence that 
the pancreatic hormone facilitates the accumulation of liver glycogen but 
whether it actually enhances the synthetic process or merely prevents 
glycogenolysis is not made clear. Stimulation of carbohydrate oxida- 
tion, disappearance of fat infiltration and ketone body formation in the 
liver—effects of an insulin treatment of diabetic animals—might 
be additional factors which enable the liver to retain glycogen. It is 
noteworthy that the liver of animals 2 to 6 days after pancreatectomy is 
not entirely free of glycogen (Hinselmann, 233; Cruickshank, 138; 
Fisher and Lackey, 173) indicating that some glycogen formation may 
still occur even in the absence of the pancreas. 

Though epinephrine is not concerned directly with glycogen formation 
in the liver, it is important to emphasize that it does not inhibit the 
synthetic process. This is illustrated in the following experiments (107). 
When liver glycogen of rats was determined in hourly intervals after 
glucose feeding, the amount deposited was the same or was higher in the 
animals which had received a subcutaneous epinephrine injection than 
in the control animals. Glycogen synthesis and glycogenolysis can 
therefore occur at the same time in the liver. Underhill and Closson 
(428) argued that the glycogenolytic action of epinephrine could not lead to 
hyperglycemia unless the reconversion of blood sugar into liver glycogen 
were prevented at the same time. They suggested therefore that epi- 
nephrine inhibits glycogen synthesis in the liver. Though this could 
not be confirmed experimentally, as shown by the results presented 
above, it is noteworthy that this suggestion was made because hepatic 
glycogenolysis alone seemed to be an inadequate explanation of all the 
effects of epinephrine on carbohydrate metabolism. 

f. Glycogen formation during fasting. It is generally recognized that 
liver glycogen does not entirely disappear even during prolonged star- 
vation (Pfliiger, 366). There is, however, some difference of opinion as 
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to the sources of liver glycogen during fasting. If one assumes that 
maximally 58 per cent of the catabolized protein (corresponding to a 
D:N ratio of 3.65) and all the glycerol of the catabolized fat can serve 
as a source of liver glycogen, one arrives at the following figures for 
rats of 100 grams of body weight between the 24th and the 48th hour 
of fasting. Carbohydrate from protein 280 mgm., from glycerol 150 
mgm. Total for 24 hours 430 mgm. Liver glycogen could therefore 
be formed at a maximal rate of 18 mgm. per 100 grams rat per hour 
which corresponds to a deposition of 0.5 per cent per hour. This is 
approximately one-half as rapid as the rate of glycogen formation in the 
liver during glucose absorption. For the above calculations 24 obser- 
vations were available for the nitrogen excretion of rats between the 
24th and the 48th hour of fasting (96). From this the glucose equiva- 
lent of the catabolized protein was calculated. Numerous measure- 
ments of the respiratory exchange of rats fasted for 24 and 48 hours made 
it possible to calculate the amount of fat catabolized. Finally glycogen 
analyses of entire rats were made after 24 and 48 hours of fasting which 
showed that only 22 mgm. of glycogen disappeared during the 24 hours 
or less than 1 mgm. per 100 grams rat per hour (table 9). New forma- 
tion of carbohydrate in the fasted rat is therefore sufficiently large to 
maintain the glycogen stores of the body on an almost constant level. 
In the liver of the rat there occurs even a slow accumulation of glycogen 
during fasting: Hershey and Orr (226) determined 0.2 per cent after 
72 and 0.78 per cent after 144 hours’ starvation. 

The quantitative considerations just presented have some bearing on 
the question of an accumulation of liver glycogen in normal fasting ani- 
mals after insulin injections. Barbour et al. (16) observed a slight 
increase in liver glycogen as an after effect of insulin injections into 
fasting rats. The glycogen content of the liver first diminished and 
then returned to values somewhat higher than at the start coincident 
with a decrease in muscle glycogen. In view of this it seems likely that 
muscle glycogen was the source of the newly formed liver glycogen and 
since the blood sugar fell to a low level, an increased release of epineph- 
rine from the adrenals might have been responsible for this shift in 
carbohydrate from muscle to liver. In the experiments of Goldblatt 
(202) the source of the newly formed liver glycogen is not entirely clear. 
This author used rabbits a few weeks old and starved them for 24 hours. 
The animals which had received insulin contained 4 to 5 times more 
liver glycogen 1 to 3 hours after the injection than the untreated litter 
mates. A preliminary fall in liver glycogen was not observed and the 
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muscle glycogen did not diminish in spite of insulin convulsions. It 
has been shown by a number of workers that insulin convulsions lead to 
a diminution of muscle glycogen and a marked increase in blood lactic 
acid has also been noted. In fact, a repetition of Goldblatt’s experi- 
ments in this laboratory (4 controls and 4 injected animals) showed a 
decrease in muscle glycogen in each case (unpublished). Goldblatt 
claims that the glycogen in the liver was formed from 2 sources: 1, 
from material absorbed from the intestine. To this it must be objected 
that the animals were fasted and that, at any rate, the controls had the 
same supply from the gut as the insulinized animals. 2, from fat and 
protein. The author assumes that during starvation both these sub- 
stances are changed to glycogen. Insulin, according to Goldblatt, 
stimulates this transformation and at the same time inhibits the hydrol- 
ysis of newly formed glycogen so that it accumulates in the liver. 
While glycogen formation in the liver from amino acids and from glycerol 
can readily be demonstrated there is no evidence available that fatty 
acids under identical experimental conditions can lead to the deposition 
of liver glycogen. Glycogenolysis in the liver proceeds very slowly dur- 
ing starvation so that a further inhibition of this process could not have 
much influence on the glycogen content of the liver. It is therefore 
difficult to see from what source the relatively large quantities of gly- 
cogen were formed in the liver in the short time recorded by Goldblatt, 
unless it be assumed that blood lactic acid derived from muscle glycogen 
provided the material for the new formation of liver glycogen. Since 
Corkill (131) found a decrease in muscle glycogen in young rabbits 
after insulin, while fully confirming the rise in liver glycogen observed 
by Goldblatt, this explanation seems by far the most probable and is 
also advanced by Corkill, who assumes that epinephrine is liberated 
from the adrenal medulla in these animals and that it is the effect of 
epinephrine (Cori and Cori, 105) and not of insulin on glycogen distri- 
bution which is observed. In other species (mice, ferrets, chickens) 
Corkill observed no rise in liver glycogen when insulin was injected dur- 
ing fasting, in fact, as in the rat, the most frequent response was a fall 
in liver glycogen. Since this was written, Goldblatt (203) reported 
experiments in which he now also finds a decrease in muscle glycogen in 
starving young rabbits injected with insulin, but he claims that this 
decrease is not large enough to account for the rise in liver glycogen. 
It is doubtful that the experiments are quantitative enough in character 
to warrant such a claim. 

Goldblatt had emphasized that he could obtain an increase in liver 
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glycogen only in very young rabbits, while in full-grown rabbits a de- 
crease in liver glycogen was observed after insulin injections. Frank 
et al., (186) using full-grown rabbits after 4 days of starvation, had pre- 
viously reported that insulin injections cause an increase not only in 
liver but also in muscle glycogen. Here it is still more difficult to find a 
source for the newly formed carbohydrate. The authors claim that 
their success in demonstrating a rise in liver glycogen is due to the use of 
very small doses of insulin. Since they produced marked hypoglyce- 
mia, the doses, as judged by their physiological effect, cannot be re- 
garded assmall. Their results are not sustained by those of Satoh (390) 
who found without exception in a large series of experiments a decrease 
in both liver and muscle glycogen when full-grown rabbits starved for 
5 days were injected with insulin. 

5. GLYCOGENOLYSIS IN MUSCLE. Fletcher and Hopkins (177) found 
that a lactic acid formation, constant for several hours, occurs when rest- 
ing amphibian muscle is kept under anaerobic conditions. A carbo- 
hydrate balance on anaerobic frog muscle during rest and activity and 
after mincing was made by Meyerhof (328). He found in each case a 
satisfactory parallelism between the disappearance of glycogen and the 
appearance of lactic acid; at the same time there was no appreciable 
change in other carbohydrates, showing that a product intermediary 
between glycogen and lactic acid did not accumulate under these con- 
ditions. This result indicates that the end product of glycogenolysis 
in muscle is lactic acid. When the liver is kept anaerobically a large 
part of the disappearing glycogen is changed to glucose, a fact which 
has been known since the time of Cl. Bernard, who was the first to make 
a sharp distinction between the end products of glycogenolysis in liver 
and muscle. Recently Simpson and Macleod (396) determined changes 
in glycogen, free sugar and lactic acid in the muscles of rabbits and cats. 
They first froze the muscle in liquid air and then ground it to a fine 
powder. In confirmation of Meyerhof they found that the free sugar 
hardly changed while the glycogen disappeared but in rabbit muscle 
they observed that more lactic acid appeared than was accounted for 
by the loss of glycogen whereas in cat muscle the opposite took place 
during an observation period of 20 minutes. It seems possible that the 
initial freezing and grinding damaged the enzyme system present in 
muscle so that an accumulation of intermediary substances occurred. 
In liver tissue which was treated in the same way as the muscle tissue 
they observed an increase in free sugar corresponding to the decrease in 
glycogen while the lactic acid content remained unchanged. At present 
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little is known about the finer mechanism of the glycogenolytic process 
in the liver while considerable information is available about this proc- 
ess in muscle. 

a. The glycolytic enzyme of muscle. Meyerhof (334) prepared a cell 
free and practically carbohydrate free extract of muscle tissue which is 
capable of rapid lactic acid formation from added glycogen, starch or 
other anhydric polysaccharides of the type of hexosanes. The enzyme 
system in this muscle extract can be separated into a heat labile compo- 
nent, the enzyme proper and into a heat stable, dializable component, 
the so-called coenzyme of fermentation. A similar separation has been 
effected in the case of the enzyme complex of alcoholic fermentation. 
It is of importance that the coenzyme of muscle can be replaced by that 
of yeast and vice versa. Apart from coenzyme and inorganic phosphate 
there is still another substance essential for the activation of the enzyme 
system of muscle and yeast. That is adenosine- triphosphoric acid 
which has been isolated by Fiske and Subbarow (175) and by Lohmann 
(296) from muscle tissue and which according to the latter authors 
functions as a complement of the coenzyme. When glycogen is added 
to the cell free muscle extract, inorganic phosphates disappear owing to 
their esterfication with hexose. This is analogous to the disappearance 
of inorganic phosphates during yeast fementation which led Harden 
and Young (212) to the isolation and identification of hexosediphos- 
phoric acid. When the muscle extract is heated for a short time to 
38°C. it is no longer capable of splitting glycogen to lactic acid but it can 
still form lactic acid from hexosediphosphorie acid. Such partially 
inactivated extracts also retain their diastatic activity so that reducing 
sugars are formed from glycogen, among which Lohmann (295) identi- 
fied a trisaccharide. Barbour (17) who used glycerol extracts of muscle 
also isolated a trisaccharide as the product of hydrolysis of glycogen. 

Fermentable hexoses when added to fresh muscle extract, are split to 
lactic acid at a much slower rate than glycogen and hardly any phos- 
phate esterification takes place. Meyerhof found that the addition of 
an activator prepared from yeast accelerated lactic acid formation from 
hexoses several times so that it proceeded faster than the lactic acid for- 
mation from glycogen. This activator which he named “‘hexokinase”’ 
seems to be present in a much lower concentration in muscle than in 
yeast. It cannot be replaced by insulin. In a muscle extract contain- 
ing the activator, esterification of fructose proceeds twice as rapidly as 
that of glucose, while galactose is not attacked at all. 

There are many other analogies between lactic acid fermentation in 
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muscle extract and alcoholic fermentation; notably the occurrence of 
practically the same hexosephosphates and the acceleration of lactic 
acid and alcoholic fermention by arsenate and their inhibition by fluo- 
ride. Embden and Zimmermann (163) isolated a hexosediphosphate 
from press juice of muscle which seems to be identical with the Harden- 
Young ester from yeast. At a later date they isolated a hexosemono- 
pltosphate from normal muscle which shows great similarity to the 
mono-ester isolated from yeast by Robison (383). The structure of 
the two esters from yeast is known, one is a y-fructose |: 6 diphosphoric 
acid (Morgan and Robinson, 338; Levene and Raymond, 290), the 
other is probably glucose:-5-phosphoric acid (290). Arsenate acceler- 
ates fermentation by increasing the rate at which the diposphate ester 
is split, while fluoride has the opposite effect. 

The common intermediary of the anaerobic breakdown of carbohy- 
drate during lactic acid and alcoholic fermentation is probably methyl- 
glyoxal. In yeast the further fate of methylglyoxal is indicated by the 
scheme of Neuberg (see V, p. 167). In the animal organism there ex- 
ists an enzyme, methylglyoxalase (Dakin and Dudley, 140; Neuberg, 
344) which occurs in various organs and which changes methylglyoxal 
to lactic acid. Toenissen and Fischer (423) and Aryama (8) inhibited 
the action of glyoxalase by means of antiglyoxalase and of toluol respect- 
ively and observed the formation of methylglyoxal in muscle or liver 
extracts to which hexose diphosphate had been added. Neuberg and 
his co-workers (346) have isolated methylglyoxal in large amounts from 
yeast, lactic acid bacteria or mammalian tissue extracts (433) which 
they incubated with hexosephosphate. The extracts were prepared in a 
fashion to free them from coenzyme. Meyerhof (V) leans toward accept- 
ing methylglyoxal as an intermediary between hexose and lactic acid. 
When it is added to mammalian tissues, lactic acid is formed from it at a 
higher rate than from glucose (331). The fact that dihydroxyacetone 
has a heat of fermentation (Iwasaki, 248) and of combustion (Kobel and 
Roth, 263) higher than that of glucose precludes it from being an inter- 
mediary in the path of glucose degradation. 

In minced muscle lactic acid formation from preformed glycogen 
occurs in the same way as in muscle extract. Mono- and di-ester is 
formed and arsenate and fluoride have the same effect as in muscle ex- 
tract. Lactic acid formation in muscle extract has been discussed at 
some length because it is of importance for the mechanism of this process 
in intact muscle. Though there is every reason for believing that the 
basic mechanism is the same in both cases, it should be emphasized that 
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the separation of the enzyme from the cell structure necessarily produces 
certain modifications of its action. Hexosediphosphate has so far only 
been found in muscle “brei’’ or cell-free extract but not in intact muscle. 
The mono- ester is always present in intact muscle. It has been found 
to increase in amount in case of rapid glycogenolysis, a point which will 
be illustrated later (section 17). 

b. Lactic acid and glycogen determinations in mammalian muscle. The 
necessity of preventing glycogenolysis before as well as after extirpation 
of the muscle was first recognized by Fletcher and Hopkins (177), who 
introduced the method of cooling the muscle to 0°C. before extirpation, 
of removing it with the least possible damage by cutting at the tendons 
and of crushing it at once under the ice-cold extracting fluid. Under 
these conditions they found resting lactic acid values for frog muscle of 
20 mgm. percent. In the case of mammalian muscle the chief difficulty 
is encountered before removal of the muscle. When an animal is killed 
by stunning, bleeding, decapitation, administration of ether or chloro- 
form, the resulting asphyxia as well as strong nervous discharges, both 
acting at a temperature of 37°C., cause a rapid breakdown of glycogen. 
A muscle which is removed under these conditions even if it be frozen 
at once shows a lactic acid content which is considerably above the nor- 
mal resting value and also considerably higher than the lactic acid con- 
tent of the blood. The following figures (in milligrams per cent) indicate 
what lactic acid values have been obtained recently in mammalian mus- 
cle. Rabbits: 80 (Fletcher, 178), 136 to 225 (Embden et al., 162), 
138 + 15 (Handovski, 211); cats: 80 to 200 (Beattie and Milroy, 21), 
35 to 48 (Gasser and Dale, 192), 30 to 94 (Simpson and Macleod, 396); 
rats: 70 to 140 (Meyerhof, 329) mice: 80 to 120 (Cori, 87). 

Davenport and Davenport (144) were the first who successfully pre- 
vented glycogenolysis in mammalian muscle before extirpation. They 
anesthetized their animals with amytal which in contrast to ether and 
chloroform does not produce an increase in muscle lactic acid and causes 
little or no excitement stage. They removed the muscle from the living 
animal which subsequently was found to be the most essential part of 
their technique. As an additional precaution they froze the muscle in 
situ with a mixture of CQO.-snow and ethyl chloride. Under these 
conditions they found 11 to 21 mgm. per cent lactic acid in muscle of 
guinea pigs, 15 to 27 mgm. in ratand 5 to 28 mgm. in cat muscle; i.e., their 
lactic acid values were hardly above the lactic acid concentration in 
blood and compared well with the resting lactic acid values found in 
amphibian muscle. It is sometimes assumed that even these low lactic 
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acid values are of traumatic origin. Since the metabolism of resting 
muscle is of the same nature as that of contracting muscle (Meyerhof, 
328) it seems more probable that small amounts of lactic acid continually 
escape reconversion or oxidation. On the other hand, the Davenports 
point out that lactic acid formation in muscle is not depressed by amytal 
anesthesia other than by inducing complete rest. 

Fiske and Subbarow (175) omitted freezing in situ for the determina- 
tion of phosphocreatine in muscle. They extirpated the muscle from 
anesthetized animals, weighed it in a cold room on a cold watch glass 
and placed it immediately in the ice-cold extracting fluid. G. T. Cori 
(121) showed that this technique can also be used in the case of lactic 
acid determinations in rat gastrocnemius; the values obtained ranged 
from 8 to 16 mgm. per cent. Whether larger muscles weighing several 
grams may be treated in the same way would have to be determined. 
Since lactic acid is a freely diffusible substance, it is to be expected that 
under basal conditions muscle and blood should contain about equal 
amounts. This has actually been observed by Davenport and Daven- 
port, Cori, and Eggleton and Evans.! 

It seems clear that whenever it is desired to determine the true glycogen 
content of muscle it is necessary to use the precautions which were found 
essential in the determination of lactic acid. Until recently the finding 
of a similar glycogen content in the same muscle of a series of animals 
or in symmetrical muscles of the same animal was taken as proof of the 
validity of the glycogen values. This proof must now be regarded as 
insufficient. By standardizing the procedure of sampling the muscle, 
nearly the same quantities of glycogen are lost each time and consistent 
values may be obtained, in spite of the fact that they do not represent 
the true glycogen content of the muscle. The following example illus- 
trates this in a striking manner. Barbour et al. (16) determined the 
glycogen content of the hind leg muscles of rats after a fasting period of 
24 hours. They found a value of 0.3 per cent as an average of 24 deter- 
minations with a deviation from the mean of + 0.07 per cent. When 
the directions of Barbour et al. were followed, i.e., when the gastrocnemii 
were taken for analysis immediately after killing the rats, an average of 
0.37 + 0.03 per cent was obtained. However, when the muscles were 
extirpated from the living animal under amytal anesthesia and intro- 
duced at once into tared tubes containing 60 per cent potash solution, 
the average was 0.59 + 0.04 per cent (121). In other words, the method 


1 Journ. Physiol., 1930, lxx, 269. 
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which has been used most frequently in the past of taking the muscles 
for analysis immediately after stunning the animal involves a loss of 
about 0.2 to 0.3 per cent of glycogen.? It is obvious that this may intro- 
duce serious errors, particularly if the process of sampling the muscle is 
not strictly standardized. The reason why fairly consistent results 
have been obtained in spite of this loss of glycogen may be explained as 
follows. In the first few seconds after stunning an animal glycogenol- 
ysis is very rapid but as the lactic acid content in the muscle rises to 
higher and higher values glycogenolysis is slowed down more and more 
and eventually comes to a standstill. Since the sampling of the muscle 
generally falls into the latter period, the error introduced by the loss of 
glycogen is apt to be relatively constant in the different experiments. 
For some investigations it may therefore not be absolutely necessary 
to determine true glycogen values but it would seem preferable to avoid 
the possibility of error and hence of wrong conclusions. In order to 
demonstrate that no glycogen is split during and after excision of mus- 
cle it is necessary to show that the lactic acid content of resting muscle 
excised under identical conditions is low and in the neighborhood of the 
blood lactic acid level. 

c. The influence of epinephrine. Ever since Blum in 1901 found that 
an injection of epinephrine causes glycosuria, the fate of muscle glycogen 
during the action of this substance has been frequently investigated. 
For a time it was thought that not only the liver but also the muscles 
contribute glucose to the blood after epinephrine injections but since 
the changes in glycogen—expressed as they were in per cent—seemed 
much smaller in muscle than in the liver no special emphasis was laid 
on the former. When Velich (430) showed in 1906 that epinephrine 
glycosuria did not develop in the frog after removal of the liver, the de- 
crease in muscle glycogen after epinephrine injections lost physiological 
interest. Several of the early investigators described a decrease in 
muscle glycogen but much that has been said in regard to the demonstra- 
tion of a decrease in liver glycogen after epinephrine injections applies 
here also, i.e., in the light of our present knowledge this evidence can- 
not be regarded as conclusive. 

The discussion of this subject was reopened when Cori and Cori (105, 
106, 107) found that the glycogen of the whole carcass of the rat—with 
the exception of the liver—decreased markedly after the subcutaneous 
injection of 0.2 mgm. of epinephrine per kilo. Since Schéndorff (394) 


2 Part of the glycogen lost in this manner does not reach the lactic acid stage but 
remains as hexosephosphate in muscle. 
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has shown that muscle and liver contain about 82 per cent of the total 
glycogen stores of the body, the decrease of glycogen in the rat experi- 
ments must have occurred mainly in the muscles. This diminution was 
observed in fasted rats with low glycogen stores and in rats in the post- 
absorptive state rich in glycogen. During glucose absorption the rats 
injected with epinephrine deposited decidedly less muscle glycogen than 
the controls, which was regarded as being due to subsequent mobiliza- 
tion. Since these results have been obtained with a dose of epinephrine 
which was non-glycosuric for the rat in the post-absorptive state and 
since the approximate rate of absorption of epinephrine from the subcu- 
taneous tissue could be calculated from the duration of the effect on 
blood sugar, it was assumed that the results were of physiological signifi- 
cance. This was denied by Cannon (70) on the ground that the doses 
were after all too large. However, a difference of opinion in regard to 
the magnitude of a dose of epinephrine can easily be settled. The rate 
at which the hormone can be secreted by the adrenal medulla has been 
frequently determined... It is then only necessary to give a constant 
intravenous injection of epinephrine at a rate which falls within this 
physiological range. This has been done with the result that a decrease 
in muscle glycogen has been observed with rates of injections well with- 
in physiological limits (121). But even if the rate of injection is ad- 
mitted to be within the physiological range the objection is made that 
the length of time of administration is unphysiological (Cannon, 71). 
It may therefore be mentioned here that a decrease in muscle glycogen 
has been observed in the rat after 15 to 30 minutes of constant intra- 
venous injection of epinephrine (121). These experiments will be de- 
scribed later. Another question of dosage has been brought up recently. 
Eadie (159) states that a subcutaneous dose of epinephrine which he 
designates as small and which corresponds to the dose used by Cori and 
Cori causes a decrease in the muscle glycogen of rats but that a large 
dose (i.e., 1 mgm. per kilo) often has no effect on muscle glycogen. 
Eadie killed the rats by decapitation before removal of the muscles for 
glycogen determinations. Zimmermann (453) excised the muscles from 
the living animal under anesthesia and was thus able to compare the 
changes in glycogen on the same animal. Hefound in numerous exper- 
iments that 1 mgm. (i.e., the large dose used by Eadie) as well as 10 mgm. 
of epinephrine per kilo invariably caused a decrease in muscle glycogen 
of rats. In the laboratory of the writer such an influence of dosage on 
muscle glycogen as described by Eadie has also failed of confirmation. 

In recent years a number of investigators observed a decrease in mus- 
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cle glycogen in other species than the rat. Junkersdorf (253) found a 
decrease in muscle glycogen after epinephrine injections both in well fed 
and fasting dogs. Geiger and Schmidt (196) saw the glycogen disappear 
from muscle after epinephrine injections into phlorhizinized dogs. Bla- 
therwick and Sahyun (36) observed a decrease in rabbit’s muscle. 
Sahyun and Luck (388) made an extensive study of the behaviour of 
muscle glycogen in rabbits after subcutaneous injection of epinephrine. 
They observed the largest diminution during the first hour of epineph- 
rine action with no signs of recovery during the subsequent 42 hours of 
observation. Geiger (198) observed a decrease in muscle glycogen in 
normal as well as hepatectomized frogs. Corkill and Marks (132) stu- 
died the effect of epinephrine on muscle glycogen of the spinal prepara- 
tion of the cat. They analyzed 5 corresponding muscles in each animal, 
those from one side being taken before and those from the other side 
after the injection of epinephrine. In 8 experiments involving the com- 
parison of 40 pairs of muscle they observed without exception a decrease 
in the glycogen content of the second muscle. Corkill (131) noted a 
decrease from 0.43 to 0.21 per cent (average 6 experiments) 2 hours 
after the subcutaneous injection of 0.2 mgm. per kgm. into young 
rabbits. 

Only two authors deny the significance of the disappearance of muscle 
glycogen after epinephrine injections. Choi (78), injecting epinephrine 
into spinal cats, claimed that muscle glycogen disappeared only when 
epinephrine caused muscular fibrillations. The hormone was admin- 
istered by means of a single intravenous injection, a procedure which is 
followed by a very short-lived action of epinephrine and therefore not 
suitable for the problem in question. One also wonders why epineph- 
rine should have caused fibrillation sometimes and sometimes not. 
Moreover, Corkill and Marks recorded a decrease in muscle glycogen 
in the spinal cat in the absence of muscular fibrillations and Geiger 
points especially to the absence of any twitches. Eadie (158, 159) gave 
4 cats 1 mgm. of epinephrine per kilo subcutaneously, a dose which pro- 
duced marked hyperglycemia. He noted a decrease in muscle glycogen 
in only 2 cases. Three experiments with a 10 times smaller dose of 
epinephrine were followed by only mild hyperglycemia and no definite 
changes in muscle glycogen. His argument is that chief emphasis 
should be laid on the negative results and he concludes that there exists 


a definite species difference since the rat responds with a decrease in 


muscle glycogen while the cat does not. If the assumption of a species 
difference were correct, the cat would hold an isolated position since it 
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would differ in this respect not only from the rat but also from the dog 
and rabbit. The experiments of Corkill and Marks do not lend support 
to this idea and other experimental evidence, i.e., an increase in blood 
lactic acid in cats after epinephrine injection (111), is also against it. 

In order to find out whether overactivity after the epinephrine injec- 
tion contributes to the fall in muscle glycogen, experiments were made 
on amytalized rats which were in a complete state of relaxation and ex- 
hibited neither twitchings nor fibrillations to a macroscopic examina- 
tion (121). One gastrocnemius was extirpated before and the other 15 
to 30 minutes after the injection of epinephrine. Lactic acid determi- 
nations in muscle showed that the extirpation of the muscle was accom- 
plished without causing glycogenolysis. The average decrease in gly- 
cogen after the subcutaneous injection of 0.2 mgm. per kilo amounted 
to 20 per cent, whereas in control animals the glycogen content of both 
muscles, extirpated at an $ hour interval, was within 2 per cent the 
same. In some of these experiments epinephrine was supplied by 
means of a constant intravenous injection at a rate of 0.0005 mgm. per 
kilo per minute for 30 minutes. This produced exactly the same effect 
on muscle glycogen as a subcutaneous injection. Control animals 
which received an intravenous injection of salt solution showed no 
change in muscle glycogen. An intravenous injection of 0.0005 mgm. 
of epinephrine per kilo per minute does not produce a rise in blood 
pressure in rats; it is a rate of injection well within physiological limits, 
since according to Cannon and Rapport (68) as much as 0.003 to 0.005 
mgm. per kilo per minute may be released from the adrenals as the 
result of splanchnic stimulation. 

It has been suggested that the decrease in muscle glycogen is due to 
local vasoconstriction and hence to asphyxia. In the above experiments 
on rats the phosphocreatine content of muscle remained unaffected by 
the epinephrine injection, while asphyxia causes a diminution of phos- 
phocreatine. If the action of epinephrine on muscle glycogen depended 
on the production of anoxemia, then epinephrine should have no effect 
when anoxemia is already present at the time of injection. When 
frogs were kept in an atmosphere of nitrogen and epinephrine was in- 
jected, glycogenolysis in muscle was accelerated, the effect being even 
larger than in frogs kept under aerobic conditions (124). Finally, 
epinephrine accelerates glycogenolysis when injected intravenously at a 
rate which according to most observers causes a dilatation of the blood 
vessels in muscle. 


The conclusion seems warranted that the acceleration of glycogeno- 
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lysis in muscle is a physiological effect of epinephrine. The basic action 
of this hormone in liver and muscle is therefore the same, except that the 
end product of glycogenolysis is mainly glucose in the liver while it is 
lactic acid in muscle. As in the liver, the glycogen content of muscle 
depends on the rate of two processes going on at the same time, on gly- 
cogen synthesis and glycogenolysis. The diminution in the glycogen 
content of muscle after administration of epinephrine is due to the fact 
that the glycogenolytic process proceeds more rapidly than new forma- 
tion of muscle glycogen. 

The splitting of glycogen to lactic acid is by no means exclusively 
connected with the contraction process. Meyerhof has shown that 
resting muscle has the same type of metabolism as contracting muscle, 
i.e., lactic acid is continuously being formed from glycogen and is partly 
reconverted to glycogen partly oxidized (directly or after conversion to 
carbohydrate). Besides, lactic acid formation can no more be regarded 
as the cause of contraction (Lundsgaard, 300). The resting metabo- 
lism of muscle may be compared to the idling of an engine. If the pace 
of an engine not in gear is accelerated, no external work is performed. 
In the same way glycogenolysis in muscle can be accelerated by epi- 
nephrine without being connected with the contraction process. 

It may be mentioned here that epinephrine causes a temporary in- 
crease in the hexosephosphate content of muscle (127) owing to the fact 
that hydrolysis of glycogen and esterification proceed more rapidly than 
the conversion of hexosephosphate to lactic acid (see table 4). How 
these changes in muscle metabolism affect the performance of work re- 
mains to be investigated. One is reminded of the fact that both epi- 
nephrine and sympathetic stimulation are alleged by some workers to 
have a beneficial effect on fatigued muscle. 

d. Influence of the sympathetic nervous system. Attempts have been 
made to establish a relationship between the sympathetic nervous sys- 
tem and the glycogen content of muscle. Hoffmann and Wertheimer 
(236) who used frogs a few days after unilateral sympathectomy, ob- 
served no appreciable differences in the glycogen content of the resting 
muscles of the two sides. Britton (58) who worked on cats noted in- 
considerable differences in muscle glycogen a few weeks after operation, 
while 70 to 90 days after operation the sympathectomized muscles of the 
hind limb contained less and those of the fore limb more glycogen than 
the muscles of the control side. The latter result is ascribed to hyper- 
activity of regenerated sympathetic nerve fibres. Herrin (225) obtained 
irregular changes in muscle glycogen in rabbits under urethane-ether 
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anesthesia during unilateral stimulation of the lumbar chain with in- 
duction shocks. After sympathectomy the flexor muscles of the thigh 
of the rabbit and the extensor muscles of the thigh of the dog showed a 
diminished glycogen content. Beattie, Beattie and Milroy (22) who 
used dogs were unable to detect any changes in glycogen when the 
muscles were examined 4 days up to 5 months after operation. They 
removed the muscles from the living animal and proved by lactic acid 
determinations that glycogenolysis during extirpation was avoided. 
More promising than an examination of the muscles in the resting state 
seems a comparison during activity. Hoffmann and Wertheimer re- 
ported that when frogs were injected with strychnine, they lost less 
glycogen on the operated than on the control side. Beattie et al. stim- 
ulated the muscles on both sides electrically and noted a smaller loss of 
glycogen on the operated than on the normal side. Britton found how- 
ever that during insulin convulsions more glycogen was lost on the 
operated side. It is to be hoped that further work along similar lines 
will bring additional information about the functional réle of the sym- 
pathetic innervation of skeletal muscle. At present it cannot be said 
whether or not epinephrine and sympathetic stimulation have the same 
effect on muscle glycogen. In the liver the accelerating effect of epi- 
nephrine on glycogenolysis can be suppressed by ergotamine (187). It 
has not as yet been investigated whether ergotamine can also inhibit the 
glycogenolytic action of epinephrine in muscle. It may be mentioned 
in passing, in view of the deductions made recently by some authors 
(171) (452) when they failed to suppress epinephrine hyperglycemia in 
the dog, that ergotamine is quite toxic for this species and that dogs may 
require larger amounts of the drug than can be given, in order to para- 
lyze the nerve endings. In rabbits and rats which are relatively insen- 
sitive to ergotamine there is no difficulty in demonstrating an antag- 
onistic action against epinephrine hyperglycemia. ; 
6. GLYCOGEN FORMATION IN MUSCLE. The muscles are continuously 
removing sugar from the blood as is shown by the fact that venous blood 
of the muscle contains as a rule less sugar than arterial blood. Aftera 
carbohydrate meal the arteriovenous difference in blood sugar becomes 
larger than under normal post-absorptive conditions, indicating that 
the muscles are withdrawing an increased amount of sugar from the 
blood. Part of the sugar taken up by the muscle is stored as glycogen. 
In the rat 25 per cent of the glucose absorbed in 4 hours is deposited as 
muscle glycogen, as compared to 18 per cent in the liver (101). Owing 
to the fact that the muscles constitute about 50 and the liver only 3 per 
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cent of the body weight, the glycogen percentage is raised to a much 
smaller extent in the former than in the latter tissue. Muscle glycogen 
is also deposited when fructose or dihydroxyacetone is fed to rats but 
since the liver is capable of converting these sugars into glucose, this 
does not prove that the muscles are able to form glycogen from the two 
keto sugars directly. In order to exclude the participation of the liver, 
the experiments have to be performed on hepatectomized animals. 
Mann and Bollman (313) injected fructose into hepatectomized dogs 
and were able to demonstrate glycogen deposition in muscle. 

It is unknown to what extent lactic acid circulating in the blood can 
be transformed to muscle glycogen. Janssen and Jost (250) added 
sodium lactate to the fluid which they used in the perfusion of hind legs 
of dogs. The muscle glycogen did not rise during the infusion. Frog 
muscle suspended in an oxygenated solution containing lactate or 
pyruvate, synthesizes glycogen, and lactic (or pyruvic) acid disappears. 
Neither dihydroxyacetone nor glycerol aldehyde form glycogen in frog 
muscle (Meyerhof et al., 330). With rat muscle lactic acid disappeared 
and Os-consumption rose, but a definite glycogen deposition could not 
be demonstrated (Takane, 416). Either mammalian muscle is in- 
capable of this synthesis, or, what would seem to be more probable, its 
synthetic faculties are impaired outside of the body. In the rat an 
average of 40 per cent of sodium d-lactate absorbed in 3 hours was re- 
tained as liver glycogen (110). This leaves a considerable portion of 
lactic acid for disposal in other tissues. Muscle glycogen was not deter- 
mined in these experiments because an increase in glycogen could have 
taken place at the expense of glucose formed from lactie acid in the 
liver. 

Since their deaminization depends on the presence of the liver (Boll- 
man et al., 43) amino acids are not directly available as a source of mus- 
cle glycogen but must first be transformed to glucose in the liver. 

a. The influence of insulin on muscle glycogen. The rdle which insulin 
plays in the glycogen metabolism of muscle represents a rather difficult 
problem. The glycogen content of the muscles of pancreatectomized 
dogs often remains surprisingly high even if the administration of food 
is discontinued. Chaikoff (76) observed values as high as 0.59 per cent 
5 days after the last meal and the last insulin injection, while the highest 
liver glycogen was 0.19 per cent. This indicates that insulin is not 
essential for the preservation of glycogen in muscle, nor is there any 
evidence available that hydrolysis of muscle glycogen is increased in the 
absence of insulin. In both respects the behaviour of muscle glycogen 
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of the pancreatectomized animal stands in marked contrast to that of 
liver glycogen. 

The chemical processes connected with muscular contraction are not 
dependent on regulation by hormones. Parnas (361) investigated the 
behaviour of isolated muscles of pancreatectomized frogs but was unable 
to detect a difference from normal frog muscle. The disappearance of 
carbohydrate during rest or activity, the lactic acid formation and the 
oxygen consumption after anaerobic fatigue were essentially the same 
in both cases. Doisy et al. (148) found that depancreatized dogs 
showed a marked increase in the lactic acid content of blood and tissues 
when they were subjected to strychnine convulsions. In these experi- 
ments a disturbance characteristic of diabetic muscle could not be 
detected. 

Apart from the reversible process glycogen = lactic acid which con- 
cerns the muscle as machine and which remains undisturbed in the 
absence of insulin, muscle tissue has a carbohydrate metabolism inde- 
pendent of the process of muscular contraction and similar to that of 
other tissues of the body, i.e., the muscles form glycogen out of blood 
sugar and oxidize part of this glycogen. It is here that insulin may be 
expected to play a réle. According to the observations of Markowitz 
et al. (319) it was found difficult to demonstrate glycogen deposition in 
the muscles of pancreatectomized dogs even when large quantities of 
glucose were injected. Though in some cases glycogen formation un- 
doubtedly occurred, the inferiority of diabetic muscle as compared to 
normal muscle was very plain. Peserico (364) stimulated the gastroc- 
nemius of normal and pancreatectomized dogs. He noted that during 
a subsequent period of rest the diabetic muscle regenerated its glycogen 
as rapidly as normal muscle. In view of the fundamental question in- 
volved, a repetition of this experiment would be very desirable. Since 
the rate of glycogen formation in muscle, as that in the liver, is influenced 
by the blood sugar concentration, attention would have to be paid to 
this factor. Best et al. (29) found that the percentage of glycogen in the 
leg muscles of the eviscerated spinal preparation of the cat cannot be 
increased by injecting glucose over a period of several hours. Choi 
(78) was unable to demonstrate glycogen deposition in muscle when 
glucose was injected into spinal preparations of the cat from which the 
pancreas but not the other abdominal organs had been removed. The 
failure of the eviscerated preparation to form glycogen in muscle seems 
therefore to be due mainly to the removal of the pancreas and the effect 
of an insulin injection supports this contention. In the experiments of 
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Best et al. and of Choi the percentage of muscle glycogen rose in the 
eviscerated preparation following the administration of glucose plus 
insulin. Markowitz et al. (319) obtained’rapid glycogen deposition in 
the muscles of diabetic dogs when insulin was injected. 

In order to arrive at conclusions on the effect of insulin on the de- 
position of muscle glycogen in normal animals, it is necessary to take 
into consideration whether under the experimental condition chosen the 
animal has material enough at its disposal from which the muscles can 
form glycogen. In the fasting animal such a condition is hardly 
realized, especially when the liver glycogen is low. Even when con- 
vulsions are avoided, the muscle glycogen has a tendency to decrease 
(rat, rabbit, mouse) after an insulin injection (Cori and Cori, 124; 
Satoh, 399; Corkill, 131). When hypoglycemic symptoms develop 
the muscle glycogen decreases (Dudley and Marrian, 154). After 
repeated convulsive seizures it is reduced to very low levels. Best, 
Hoet and Marks (29) tested the influence of prolonged insulin hypo- 
glycemia on the glycogen content of the muscles of the spinal cat, a 
preparation in which the adrenals are removed; they failed to observe 
a significant depletion of the glycogen stores. This result suggests that 
increased secretion of epinephrine in response to the hypoglycemia plays 
a role in bringing about a decrease in muscle glycogen in intact animals. 
Evidence pointing in the same direction will be presented in section 17. 
The acceleration in carbohydrate oxidation which is observed after 
insulin injections would lead one to expect muscle glycogen to be drawn 
upon as the most readily available carbohydrate. The fact that it is 
apparently not used to any large extent is of considerable significance 
for an understanding of the mechanism of insulin action. 

It seems clear from the foregoing discussion that in order to study 
the effect of insulin on glycogen deposition in muscle one must supply 
sugar at the same time. Under these conditions an increased rate of 
glycogen deposition can readily be demonstrated in the muscles of nor- 
mal animals after insulin injections. Bissinger, Lesser and Zipf (32) 
determined glycogen in the whole mouse after intraperitoneal glucose 
injection. The animals receiving insulin formed glycogen 3 times more 
rapidly than the controls. Cori and Cori (96, 101) fed glucose and 
other sugars to normal rats and observed a higher muscle glycogen in 
the animals injected with insulin than in the control animals, in spite of 
the fact that the blood sugar remained below the fasting level in the 
former, and above in the latter case. Barbour et al. (16) obtained the 
same results on rats during absorption of a diet rich in carbohydrate 
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when large doses of insulin were injected. Corkill (131) showed in mice 
and chickens that insulin increases muscle glycogen deposition when 
glucose is injected. These results are significant in two respects. They 
show /, that glycogen formation in the muscles of the normal sugar-fed 
animal does not proceed at its maximal rate since it is possible to in- 
crease the rate of this process by an insulin injection, and 2, that a 
rapid deposition of muscle glycogen can take place at a blood sugar 
level considerably below normal. 

It has not been possible to accelerate glycogen deposition in the liver 
of normal sugar-fed animals by means of insulin injections. This is not 
so hard to reconcile with the results obtained in muscle if one remembers 
that the insulin secreted by the pancreas passes through the liver before 
it reaches the other tissues of the body. This organ has therefore a 
better supply of insulin than the muscles. One recalls that insulin has 
been found to promote glycogen deposition in the liver of the diabetic 
animal. In the liver the inhibiting action of insulin on glycogenolysis 
has chiefly been emphasized but there is apparently no analogous 
function of insulin in muscle. The process glycogen <> lactic acid is 
associated with normal muscular contraction and independent of the 
supply of insulin. 

7. CARBOHYDRATE OXIDATION. The recent comprehensive review of 
Richardson (VII) in regard to the significance of the respiratory quo- 
tient under normal and diabetic conditions and after insulin injections 
dispenses with an extensive discussion of this question especially since 
the present author holds essentially the same views. In order to avoid 
duplication only a few remarks will be made. First, it is assumed 
that thelow respiratory quotient which isusually found in the completely 
diabetic organism and the absence of a rise in the quotient after glu- 
cose feeding are the result of a diminished ability to oxidize carbohy- 
drate. The proposition that no carbohydrate oxidation can take place 
in the completely diabetic organism seems however too extreme. Sec- 
ondly, the increase in the R. Q. which is observed in the diabetic as well 
as in the normal organism after insulin injections is taken to indicate an 
acceleration of carbohydrate oxidation. Exception to the first assump- 
tion could be taken on the basis of the observations of Joslin, Hédon, 
Chaikoff and Macleod, and Soskin. Joslin (252) observed high respira- 
tory quotients in severe cases of human diabetes; he discussed the pos- 
sibility that sugar was being converted to fat. Hédon (222) found that 
the quotient of fasting depancreatized dogs may rise from 0.71 to 0.8 
and higher a few days before death. At the same time the sugar excre- 
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tion in the urine diminished while the protein metabolism remained high. 
It is of importance for a further study of these high quotients,. that 
Benedict and Petiéik (23) recently observed a rise in R. Q. from the 
fasting level of 0.72 to 0.8 in rats a few days before death from starvation. 

Chaikoff and Macleod (77), observed that shivering induced by ex- 
posure to cold causes a rise in the quotient of depancreatized dogs and 
they regard this as evidence of carbohydrate oxidation. Since shivering 
produces an increase in blood lactic acid, a driving out of CO. must have 
taken place. Adequate determinations of the acid-base balance of the 
blood were not made. As long as this factor has not been controlled, 
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* From Soskin (406). 
t Not calculated. 


their interpretation of the significance of the rise in the quotient cannot 
be accepted. 

Soskin (406) allowed dogs after pancreatectomy to recover under 
insulin treatment; after withdrawal of insulin some animals lived for 
several weeks on a protein diet. The D:N ratios were generally low 
(below 2.8) and in several instances R. Q. values well above the dia- 
betic level were observed in the second half of the survival period. 

These diabetic dogs were fed large doses of glucose, amounting up to 
13.9 grams per kgm. Table 2 summarizes the experiments which 
include R. Q. determinations and calculations of the amounts of sugar 
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retained. Sugar was retained even when the R. Q. did not rise (expt. 2), 
or rose only by 0.028 to 0.041 (expts. 1, 4, 5,6). The lack of correlation 
between the large amounts of sugar retained and the rise in R. Q. (which 
in all but 3 experiments was very slight) makes it difficult to interpret 
these experiments. 

Soskin’s work should not be brought in line with Wierzuchowski’s 
(444) on phlorhizinized dogs. Wierzuchowski determined respiratory 
metabolism from the moment of feeding glucose until the R. Q. had 
again reached the diabetic level. The amount of sugar oxidized could 
thus be calculated and was found to be just slightly below the amount 
which failed to be excreted as extra sugar; the correlation was perfect. 
The ketolytic as well as N-sparing action of the ingested glucose were 
shown in a most convincing manner. 

A discussion of the respiratory quotient after ingestion of sugars 
other than glucose will not be given, because to the present reviewer 
none of the theories offered in explanation of the differences in the R. Q. 
curves seems satisfactory. Dog and man were used for these experi- 
ments, so that one important factor, the rate of intestinal absorption, 
remained undetermined. The R. Q. rose more rapidly after fructose 
than after glucose ingestion, but in spite of this fact the total amount of 
sugar eventually oxidized was not widely different in the two cases 
according to the work of Carpenter and Fox (73), who made a painstak- 
ing and detailed comparative study of the respiratory metabolism after 
ingestion of various amounts of glucose and fructose in a human subject.’ 

a. Influence of insulin. Though there is general agreement that in- 
sulin injections raise the respiratory quotient in men and animals (see 
Richardson (VII) who quotes 18 papers to this effect), exceptions have 
also been noted. The nutritional state of the animal plays an important 
rdle. When the carbohydrate stores of the body, particularly those of 
the liver, are very low, insulin injections cannot have much influence on 
the quotient, because there is not enough carbohydrate available for 
combustion. For example, the liver of rats fasting for 24 hours contains 
only 0.2 per cent glycogen and the average non-protein respiratory 
quotients of such animals is 0.704. Following the injection of insulin 
the quotient rose to 0.736 which is a very small rise when compared with 
the increase in the quotient observed in well nourished animals. Muscle 
glycogen, as already mentioned, is not drawn upon to a considerable 


’ Recently Wierzuchowski (Biochem. Zeitschr., 1931, ccxxx, 187) reported 


metabolism experiments on dogs during constant intravenous injection of glucose. 
fructose and galactose. 
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extent. If, on the other hand, carbohydrate oxidation supplies most 
of the energy requirements and a quotient close to unity exists before 
insulin is given, the injection will have little effect on the R. Q., because 
the insulin released by the animal’s own pancreas has already produced 
a maximal effect. This is shown particularly in the experiments of 
Chaikoff and Macleod (75) on fed rabbits (which were taken to prove the 
deposition of an unknown substance, though glycogen determinations 
were not included). Issekutz and Végh (247) showed that in turtles 
with an R. Q. near unity insulin may still increase sugar oxidation (by 
raising the O--intake). 

In regard to the oxygen consumption after insulin injections the re- 
sults are variable depending on the degree of hypoglycemia and the 
species used. The oxygen consumption in dogs generally rises consid- 
erably during the period of hyperirritability preceding convulsions 
(146). It has been suggested by Boothby and Wilder (44) that this is 
due to the increased discharge of epinephrine from the adrenals. In 
rabbits in which the symptoms preceding convulsions are not very pro- 
nounced, the changes in oxygen consumption after insulin injections are 
generally small (Hawley and Murlin, 218). Rats and mice do not show 
marked changes in oxygen consumption when hypoglycemic symptoms 
are avoided (102), (286). In case symptoms develop, the oxygen con- 
sumption of rats rises. It is only after prolonged and severe hypogly- 
cemia, when death approaches, that one observes such a marked de- 
crease in Oxygen consumption as was described by Dudley et al. (155) 
in mice and Laufberger (280) in rats. To the few experiments on nor- 
mal men those of Holten (237) have recently been added; in 7 men the 
average rise of R. Q. from 0.843 to 0.920 was not accompanied by a 
change in O.-consumption. It may be concluded that insulin does not 
possess a direct calorigenic action; i.e., the increase in carbohydrate 
oxidation after insulin is compensated by a decrease in fat oxidation 
in equicaloric proportion. 

b. Influence of epinephrine. A rise in the respiratory quotient has 
been observed frequently in men and animals following the injection of 
epinephrine but the explanation which was originally advanced that 
epinephrine increases carbohydrate oxidation, soon became very doubt- 
ful. Peters and Geyelin (365), Hubbard and Wright (240), Kornfeld 
and Elias (266) noted that the CO. combining power of the blood fell 
after the epinephrine injection. Bornstein (46), Lyman, Nichols and 
McCann (303) observed over-ventilation and a fall in the alveolar CO, 
tension. Tolstoi et al. (422) found in men and Cori (87) in animals 
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that the blood lactic acid rose after epinephrine injections. It is evident 
therefore that the R. Q., as determined in short periods after an epineph- 
rine injection, is not a true index of the foodstuffs oxidized in the 
cells, since CO, of non-metabolic origin is liberated by the excess lactic 
acid formed and is blown off in the lungs. Besides, hyperventilation of 
central origin may also play a réle in the elimination of extra CO. The 
error introduced in the respiratory quotient by the blowing off of CO, 
can be avoided if the measurement of the metabolism following the epi- 
nephrine injection extends over a period which is sufficiently long for a 
return of the acid-base equilibrium of the blood to the original level. 
Determinations of the CO. combining (107) power and the lactic acid 
content (119Yof blood after subcutaneous injection of epinephrine into 
rats (0.2 mgm. per kilo) showed that both returned to the basal level 
within 3 hours after the injection. In metabolism experiments of 3 
hours’ duration on rats in the postabsorptive state the respiratory quo- 
tient was the same as in uninjected controls but owing to an increased 
oxygen consumption the injected rats oxidized somewhat more carbo- 
hydrate (106). Abelin (3) who injected very large doses of epinephrine 
(3 to 7 mgm. per kilo) into rats, likewise found no rise in the respiratory 
quotient in experiments extending over several hours. In starved rats 
epinephrine injections failed to raise the respiratory quotient from its 
initial level of 0.71 (105). These experiments do not show an accelera- 
ting influence of epinephrine on carbohydrate oxidation. 

There are two reports in the literature to the effect that epinephrine 
injections completely or nearly completely inhibit the oxidation of simul- 
taneously administered glucose. The experiments of Wilenko (447) on 
urethanized rabbits extended over 1 to 2 hours. Whereas glucose given 
alone was always followed by a pronounced rise in the respiratory quo- 
tient, when epinephrine was administered simultaneously there was 
either no change or only a very slight rise in the quotient. Colwell and 
Bright (82) injected glucose intravenously into cats under amytal anes- 
thesia. In experiments lasting for 8 to 14 hours they observed that 
carbohydrate oxidation was suppressed completely by prolonged intra- 
venous injection of epinephrine in spite of a continuous supply of 
glucose. The absence of carbohydrate oxidation was shown in two 
ways; by an R. Q. reduced to the fat-protein level and in some experi- 
ments by an excretion of glucose which equalled the supply. Since 
glucose oxidation persisted under identical conditions without epineph- 
rine, the use of amytal anesthesia did not seem to be responsible for 
their findings. Lusk and Riche (301) observed a rise in the quotient in 
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unanesthetized dogs after administration of glucose plus epinephrine 
but the large doses of epinephrine and subsequent restlessness of the 
animals, as described in their paper, make it difficult to draw definite 
conclusions. Cori and Cori (107) determined carbohydrate oxidation 
in rats during 4 hours of glucose absorption from the intestine. The 
control animals absorbed an average of 1065 mgm. of glucose and 
showed a non-protein respiratory quotient of 0.90, whereas the animals 
injected with a single dose of epinephrine subcutaneously absorbed an 
average of 911 mgm. of glucose and showed a quotient of 0.83. Per 100 
parts of absorbed glucose the control animals oxidized 44 and the injected 
animals 39 parts of glucose. Though this represents a reduction in 
the amount of carbohydrate oxidized under the influence of epinephrine, 
the results are so strikingly different from those of Colwell and Bright 
and Wilenko that it seemed desirable to inquire into this matter. 
Colwell and Bright pointed to the prolonged intravenous administra- 
tion of epinephrine in their experiments as a possible explanation. From 
experience gained in this laboratory it seemed more probable however 
that the chief difference lay in the use of an anesthetic. In order to 
test this possibility (129), rats were anesthetized with amytal and were 
given the same amount of glucose (by means of a constant intravenous 
injection) which the unanesthetized rats had absorbed, i.e., 912 mgm. 
in 4 hours. The effect of epinephrine on glucose utilization in unanes- 
thetized and amytalized rats could thus be compared. The unanesthe- 
tized controls utilized 98, the anesthetized 91 per cent of the glucose 
supplied to them in 4 hours. This indicates that amytal in itself lowers 
the ability to dispose of injected glucose but slightly in the rat. After 
subcutaneous injection of epinephrine the unanesthetized rats disposed 
of 88 per cent of the glucose supply which is only a moderate reduction 
in utilization. However, when epinephrine was injected into amytalized 
rats, either subcutaneously (0.2 mgm. per kilo) or intravenously at a 
rate of 0.001 mgm. per kilo per minute, the glucose utilization amounted 
to only 33 per cent of the supply, the rest being partly excreted in the 
urine, partly retained unchanged in blood and body fluids. No deter- 
mination of the amount of carbohydrate oxidized was made, but since 
glycogen deposition in the liver amounted to nearly one-half of the 33 
per cent utilized, it seems clear that very little glucose was left which 
could have undergone oxidation. The observation of Colwell and 
Bright that epinephrine suppresses carbohydrate oxidation to a marked 
degree or even completely in amytalized animals is therefore confirmed. 
This is however not due to the intravenous form of application, as Col- 
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well and Bright suggested, since in the experiments on anesthetized rats 
a single subcutaneous injection of epinephrine in the dose indicated also 
suppressed carbohydrate utilization. The most probable explanation 
is that the combined effect of the anesthetic and epinephrine on carbo- 
hydrate utilization is not simply additive but synergistic and that it is 
due to this circumstance that a complete inhibition of sugar oxidation is 
seen in anesthetized animals only. Besides this there is still the possi- 
bility — though remote — that the anesthetic hastens the appearance 
of an effect of epinephrine which would come to light in unanesthetized 
animals only after a much more prolonged administration of the drug. 

By what mechanism epinephrine suppresses carbohydrate utilization 
has not yet been decided. Epinephrine may antagonize insulin at the 
site of sugar utilization in the tissues or it may act indirectly by suppress- 
ing insulin secretion in the pancreas. The latter possibility has been 
brought forward in all its implications by Colwell and Bright. In either 
case the picture would be that of an insulin insufficiency which makes it 
very difficult to distinguish between these two possibilities. A point 
to be considered is that the liver of an animal, even during prolonged 
epinephrine action, shows none of the diabetic aspects; i.e., the liver is 
able to form and retain glycogen, and increased gluconeogenesis from 
protein could not be demonstrated by Colwell and Bright. But then 
one has to remember that the liver, owing to its anatomical position, may 
get sufficient amounts of insulin even if insulin secretion by the pancreas 
were diminished. Several lines of attack which seem to be open to set- 
tle this vexed problem will have to be followed in the future (see section 
19). 

c. Path of sugar oxidation in the animal cell. Whereas considerable 
new evidence has been gained recently about the anaerobic breakdown 
of sugar in yeast as well as in muscle, the path of oxidation still remains 
practically unknown. For a comprehensive review of this field the 
reader is referred to Shaffer’s (VIII) article. Though it is frequently 
assumed on theoretical grounds, that the first step is a change of the 
hexose molecule into some more reactive form, this point has not yet 
been proved experimentally. Methylglyoxal is now accepted as an 
intermediary in the anaerobic breakdown and in the schemes of most 
authors it also appears in the aerobic breakdown. Dihydroxyacetone 
has been eliminated as a possible intermediary between hexose and 
methylglyoxal (see p. 173). 

From methylglyoxal the anaerobic path leads to lactic acid. Con- 
siderable evidence has been accumulating in favor of the conception 
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held by Lusk (302) and by Shaffer that lactic acid is not oxidized in the 
body and this view is now also expressed by Meyerhof (V). Lactic acid 
would then have to be reconverted to hexose which would make sugar an 
intermediary in the path of lactic acid oxidation. 

Under the assumption that methylglyoxal is on the path to CO, and 
H.O formation from sugar, a number of schemes as to its further oxida- 
tion have been proposed. According to Lusk (302) it is transformed to 
acetaldehyde and formic acid; the former is then oxidized to acetic acid. 
In this way acetic acid would be a central meeting point of the metabo- 
lisms of fat, carbohydrate and protein and somewhat of a ‘“‘fuel of life.” 
From fats and “ketogenic’”’ amino acids it would arise by §-oxidation 
of the fatty acid chain, from ‘‘ketolytic’”’ amino acids via sugar. Fat 
synthesis and formation of glycine possibly begin from acetic acid. The 
latter transformation cannot be very extensive because acetic acid does 
not form extra sugar in the phlorhizinized dog (Deuel and Milhorat, 
145), while glycine does (Ringer and Lusk, 379). The path of oxidation 
of acetic acid — of which large amounts disappear when fed to animals 
(Dakin, 139) — is unknown. Formic acid is a normal constituent of 
urine (Steppuhn and Schellbach, 411) and its excretion diminishes dur- 
ing fasting and rises on a meat or potato diet (Dakin et al., 141). The 
small amounts which appear in the urine have probably escaped oxida- 
tion. Acetaldehyde is found in blood and urine (Stepp, 410). Gee 
and Chaikoff (194) found the same amounts of acetaldehyde in the blood 
of normal and diabetic dogs. 

Acetaldehyde could also be formed from sugar by way of pyruvic acid. 
This “carboxylatic” breakdown which has been established by Neuberg 
for yeast, is discussed by him for animal tissues. Hirsch (235) and 
Neuberg and Gottschalk (345) by means of their “Abfangverfahren”’ 
isolated acetaldehyde when they incubated frog or mammalian muscle 
or liver. The presence of glycogen increased the yield, but according 
to Gottschalk (205) addition of pyruvate had rather less effect. In the 
experiments of Bornstein and Pantke (51) 30 grams of minced dog liver, 
3 grams of CaSO; (to bind the acetaldehyde) and 300 cc. of Tyrode so- 
lution were incubated for 5 hours under sterile conditions. Addition 
of 500 mgm. of various substances gave the following yields of acetal- 
dehyde in milligrams: Glycogen 0.35, glucose 0, fructose 0.24, alanine 
0.22, dihydroxyacetone 0.36, pyruvic acid 3.45, ethyl alcohol 1.5, methyl 
aleohol 0. The yields of acetaldehyde are therefore extremely small; 
Globig and Pantke (200) say that bacterial action can be excluded. 
Briggs (54) showed that acetaldehyde was not formed from pyruvic acid 
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injected into normal animals, whereas ethyl aleohol led to the presence 
of acetaldehyde in the expired air. The presence of an active a-carbo- 
xylase (which splits off CO. from pyruvic acid and other a-keto acids) 
in the tissues of the intact animal seems doubtful. This is also of im- 
portance for the intermediate metabolism of amino acids, since accord- 
ing to Neubauer (343) they undergo oxidative deamination to the 
corresponding a-keto acids. 

Toenissen and Brinkmann (424) perfused the muscles of rabbits with 
incompletely oxygenated blood to which they added pyruvate. They 
isolated small amounts of succinic and formic acid. They advance the 
following theory of sugar oxidation: methylglyoxal is oxidized to pyru- ° 
vic acid; two molecules of the latter undergo polymerization plus dehy- 
dration so that one molecule of succinic and two of formic acid are 
formed. The formic acid is oxidized, while succinic acid in turn changes 
to fumaric — malonic — oxalacetic — pyruvic acid. The whole pro- 
cess then repeats itself. Addition of acetic acid instead of pyruvic acid 
to the blood did not give rise to the formation of succinic acid. Thun- 
berg’s (421) theory postulating a conversion of acetic to succinic acid is 
therefore not sustained. Since succinic acid gives rise to extra sugar in 
the phlorhizinized animal (Ringer et al., 380), a conversion such as 
Thunberg suggested would have been a step in the hypothetical fat-to- 
sugar transformation. 

In Meyerhof’s experiments (330) pyruvic acid, when added to frog 
muscle, behaved like lactic acid, i.e., it formed glycogen under expendi- 
ture of oxidative energy. It may be assumed, as in the case of lactic 
acid, that oxidation of pyruvic acid is not direct but by way of interme- 
diary sugar formation. In the diabetic dog pyruvate forms extra sugar 
(Ringer, 381; Dakin and Janney, 142). On the whole, as pointed out 
by Whetham (XIII) in her excellent article, pyruvic acid seems to under- 
go synthetic rather than destructive treatment in the animal tissues. 
Hahn et al. (210) isolated small quantities of pyruvic acid when they 
incubated mammalian muscle plus lactic acid anaerobically; several 
substances such as glutathione (S-S form) or cytochrome could act as 
hydrogen acceptors under these conditions. The same oxidation takes 
place during ‘‘methylen-blue respiration”? of mammalian erythrocytes 
(see p. 222). 

A common attribute of most of the substances which have been con- 
sidered as intermediaries of sugar oxidation (lactic, pyruvic acid, 
methylglyoxal, succinic acid, glycerol aldehyde) is that they form extra 
sugar in the diabetic or phlorhizinized organism (see Nash, 342). This 
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may signify that their normal path of utilization in the body is via glu- 
cose. Acetic acid and acetaldehyde (Sansum and Woodyatt, 389) form 
no extra sugar. 

Two possible sources or error in experiments designed to study the 
formation of sugar from various substances in the diabetic or phlorhizi- 
nized animal should here be pointed out. Muscle glycogen is of course 
never completely exhausted in these animals. Several substances are 
likely to cause a breakdown of muscle glycogen to lactic acid, which in 
turn is converted to glucose in the liver. Sansum and Woodyatt pointed 
out that ‘‘mobilization”’ of muscle glycogen might be the cause of Ringer 
- and Frankel’s (382) positive results with acetaldehyde, since this sub- 
stance belongs to the class of general anesthetics and since ether was 
also found to give rise to some “‘extra sugar.”’ It would also seem neces- 
sary to insure muscular rest and to avoid excitation in the experimental 
animals since activity (or an adrenal discharge) might cause a rise in 
blood lactic acid and hence furnish material for extra sugar excretion. 
When a substance forms extra sugar only in a small percentage of the 
experiments, it seems more justifiable to seek for an explanation in one 
of the sources of error outlined above, than in such complicated theories 
as are given by Soskin (405), who observed excretion of ‘‘extra sugar”’ 
after ingestion of fat and lecithin in 3 out of 13 experiments on pan- 
createctemized dogs. 

Shaffer (VIII) proceeding from his studies on the ketolytie activity 
of sugar in vitro and in vivo found all schemes incorporating an initial 
dissociation of glucose into two 3 carbon chains unsatisfactory and dis- 
cussed the possibility that the 6 carbon chain of glucose is oxidized 
directly. 

Ability of various substances to relieve hypoglycemic convulsions 
after insulin injection has been tested in order to gain an insight into the 
path of sugar oxidation. Since the liver can convert most of these sub- 
stances to glucose, this method does not give definite information. 
Furthermore, even if a substance should relieve hypoglycemic symptoms 
without being transformed to glucose, this would not necessarily identify 
it as an intermediary of glucose oxidation. 

Among substances which are converted to glucose by the diabetic 
liver there exist some that relieve hypoglycemic symptoms and others 
that do not (see Macleod, III). To the first class belong mannose, 
dihydroxyacetone and to a lesser degree fructose; to the second class 
galactose, lactie acid, pyruvic acid, glycerol aldehyde, alanine. The 
explanation for this difference is to be sought in the rate at which these 
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substances are converted to glucose; it seems possible that those in the 
second group have to pass through a glycogen stage, while those in the 
first group can be converted to glucose directly. Dihydroxyacetone 
(Markowitz and Campbell, 315), and fructose (298) do not relieve hypo- 
glycemic symptoms in hepatectomized dogs. Methylglyoxal does not 
relieve insulin hypoglycemia (Sjollema and Seekles, 397), even in moder- 
ate doses it is a rather toxic substance. Glucosone, which is CsH 06, 
according to Hynd (243) rather accelerates the onset of symptoms after 
insulin injection in mice; it is quite toxic. 

8. ACTION OF INSULIN AND EPINEPHRINE ON TISSUES IN VITRO. ‘Ta- 
kane (416) observed an increased 02 consumption and respiratory quo- 
tient when he added insulin to rat muscle suspended in horse serum; 
chemical analysis showed that more carbohydrate had disappeared. 
With rat muscle bathed in Ringer solution Paasch and Reinwein (358) 
obtained negative results upon addition of insulin; previously published 
positive results from the same laboratory are ascribed to the use of im- 
pure insulin. Rothschild (387) found that neither insulin nor epineph- 
rine had any effect on the O. consumption of frog muscle suspended in 
sugar-phosphate or KCl solution. According to Bornstein (50) epineph- 
rine has no effect on the O, intake of avian erythrocytes. 

Ahlgren (4) found that neither insulin nor glucose alone had any effect 
on methylene-blue decoloration in vacuo by frog muscle; but addition of 
both shortened the decoloration time. The optimal concentration of 
insulin was 10~°* to 10-+5; at 10~-° insulin showed an inhibitory effect. 
The muscle had to be freshly extirpated; when kept for 2 hours at room 
temperature an insulin effect could no longer be demonstrated. Mor- 
phine and some of its derivatives had an effect similar to that of insulin. 
Epinephrine shortened the decoloration time even if no glucose was 
added. Insulin plus glucose was also found to increase the O2 con- 
sumption of minced frog muscle as measured in Thunberg’s respirometer. 
Brahme (52) obtained similar results. Blix (37) showed that of many 
sugars and other substances only mannose could be substituted for 
glucose in the insulin-muscle system. U.v. Euler (167) confirmed most 
of Ahlgren’s results and found in addition that glycerol could also be 
used instead of glucose. With the respirometer technique he obtained 
increases in O. consumption only when he kept the tissues at a reduced 
O. tension. At oxygen concentrations higher than 10 per cent insulin 
(or epinephrine) had no effect and this, he claims, explains the negative 
results obtained by others. | 

Richardson et al. (376) measured the respiratory quotient of excised 
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mammalian tissues, using the technique of Warburg. The average 
respiratory quotient of muscle and kidney tissue of depancreatized dogs 
was 0.7 to 0.75 and addition of glucose or lactate failed to produce a 
rise in the quotient. In contrast to this the respiratory quotient of 
tissues taken from normal dogs was intermediate between 0.75 and 1.0 
and addition of carbohydrate resulted in a definite rise of the quotient. 
Excised tissue of phlorhizinized dogs responded to the presence of glu- 
cose in the medium in the same way as tissues from normal animals; i.e., 
the quotient showed a pronounced rise. These experiments argue 
against the overproduction theory of diabetes which postulates a normal 
ability of the tissues of the diabetic animal to utilize glucose. 

Lundsgaard and Holbgll (299) thought that insulin plus glucose 
added to muscle tissue in vitro changed the glucose into a more reactive 
form. Their experimental evidence has frequently been shown to have 
been insufficient. Loewi (294) claimed that addition of insulin to a 
suspension of human erythrocytes in serum or glucose-Ringer solution 
altered the distribution of glucose so that more of it was found in the 
corpuscles. This adsorption or fixation of glucose by blood cells was 
used as a test for the amounts of insulin present in blood under various 
conditions. The existence of an insulin antagonist—glycaemin—was 
postulated. However, other experimenters could not confirm Loewi’s 
original observation of a sugar fixation and before long he was also 
unable to duplicate his previous results. Ammon (6) showed that in- 
sulin has no effect on the diffusion of glucose through a muscle 
membrane. 

Mostly negative results were obtained when insulin was added to sus- 
pensions of yeast and bacterias. Fiirth (189) showed that insulin has 
no influence on the assimilatory and dissimilatory processes of yeast 
with or without addition of glucose or levulose. The CO, production, 
disappearance of glucose and formation of glycogen were not changed in 
any distinct way. H.v. Euler and Myrbiick (165) confirmed this; they 
also showed that insulin has no influence on esterification of glucose with 
phosphoric acid in yeast. Negative experiments with yeast were also 
recorded by Travelle and Behre (425). Kendall (259) found that insulin 
does not induce non-glucose fermenting bacteria to utilize this sugar nor 
does it accelerate glucose fermentation in those bacteria which are able 
to attack glucose. Virtanen (432) could not verify his previous conten- 
tion that insulin acts as an accelerator of zymophosphate formation in 
washed bacteria. 

9. NERVOUS AND HUMORAL CONTROL OF INSULIN SECRETION. When 
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some weeks after removal of the pancreas a successfully implanted sub- 
cutaneous graft of the pancreas is extirpated, an operation which can be 
performed without undue disturbance of the animal, the blood sugar 
begins to rise within a few minutes. Since under favorable conditions 
all nervous and vascular connections between such a subcutaneous graft 
and the abdominal cavity may be cut without causing diabetes, insulin 
secretion can undoubtedly take place without intrinsic nerve supply 
(Hédon and Giraud, 220). The rapid rise in blood sugar after ex- 
tirpation of the graft seems to indicate that insulin secretion is a con- 
tinuous process. It was to be expected that this secretion would vary 
in intensity depending on the amount of carbohydrate available to the 
organism. Pollak (369), before the insulin era, advocated the view that 
the blood sugar level is of major importance in the regulation of carbo- 
hydrate metabolism, which, translated into our present terminology, 
means in the secretion of insulin. 

In order to ascertain the amount of insulin present in the blood, Staub 
(408) made transfusion experiments between normal and diabetic sub- 
jects. When the donor had consumed a meal rich in carbohydrate 4 to 
7 hours previous to the transfusion, the injection of 400 to 500 cc. of 
blood into diabetic patients resulted in a marked drop in blood sugar. 
This effect was absent when the donor had fasted 14 to 24 hours after the 
carbohydrate meal. Insulin secretion is therefore augmented for a con- 
siderable length of time by the influx of sugar into the blood stream and 
is diminished during fasting. The increased secretion of insulin after a 
carbohydrate meal also explains the well known phenomenon that of two 
consecutive carbohydrate meals the second one causes less hyperglyce- 
mia than the first one. The question arises as to whether nervous or 
humoral influences predominate in the regulation of insulin secretion. 

At present protagonists of both views claim considerable evidence in 
their favor. Corral (135), McCormick et al. (324) and Britton (55) 
observed a fall in the blood sugar level after vagus stimulation. The 
latter author used cats under amytal anesthesia with the hepatic nerves 
cut and the adrenals inactivated. Stimulation was begun after 3 hours 
of anesthesia and lasted for 2 to 3 hours. Colwell (81) who used the 
same anesthetic and the same species was however unable to demonstrate 
an influence of vagal stimulation on blood sugar concentration and 
sugar excretion in the urine during constant intravenous injection of 
glucose. He also found complete denervation of the pancreas without 
any effect on glucose utilization. It should be noted in this connection 
that according to the observation of Lieb and Mulinos (293) and Garry 
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(191), amytal anesthesia markedly diminishes or even abolishes the 
irritability of the cardio-inhibitory fibres of the vagus. The same might 
be true for the nerve endings of the vagus in the pancreas, and in view of 
this the above results are of doubtful value. 

While Britton observed a slight rise in blood sugar after cutting the 
vagus, Clark obtained the opposite effect in cats under amytal anesthe- 
sia. Previously Clark (79) had found an increased carbohydrate toler- 
ance in rabbits with the right vagus cut below the origin of the cardiac 
branches and he is therefore of the opinion that the vagus exerts a tonic 
inhibitory influence on insulin secretion. In view of the changes in 
blood sugar which have been obtained after cutting of the vagus, it is 
worthy of note that atropinization is apparently without influence on 
the blood sugar level (Wulf, 451). 

The evidence for the vagus as the secretory nerve would be far from 
convincing, if it were not for the numerous experiments of Zunz and 
LaBarre which all point in but one direction. It is impossible to repro- 
duce here all of their findings and only some of the more important ones 
will be given. LaBarre (274) established a pancreatic-jugular vein 
anastomosis between two dogs. Stimulation of the right vagus in the 
donor caused a fall in blood sugar, inorganic phosphates, pH and alka- 
line reserve in the recipient and a reversion of the T-wave of the electro- 
cardiogram, effects which are ascribed to an increased discharge of 
insulin in the donor. A pancreatic-jugular vein anastomosis between a 
normal donor and a pancreatectomized recipient caused a fall in blood 
sugar in the latter, but when the vagus of the donor was cut the trans- 
fusion had no effect. The carotid and jugular vein of a pancreatecto- 
mized dog (274) (or normal dog after glucose injection (455)), A, were 
connected by means of Payr canulae with the same blood vessels of a dog, 
B, whose head was completely isolated from the rest of the body with 
the exception of the vagi. The pancreatic vein of dog B was connected 
with the jugular vein of dog C. The hyperglycemic blood of dog A 
stimulated the nervous centers of dog B, the stimulus traveled via vagi 
to the pancreas of dog B, hyperinsulinemia resulted and caused the 
blood sugar of dog C to fall. The opposite, namely, a central inhibition 
of insulin secretion by hypoglycemic blood passing through the isolated 
head of dog B, the donor A being a hepatectomized or an insulinized 
dog, has also been demonstrated by these workers (456). 

The purely nervous regulation of insulin secretion which is postulated 
by Zunz and LaBarre is not in accord with the results of Gayet and 
Guillaumie (193). These authors transplanted a pancreas by means of 
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vascular anastomosis into the neck of a pancreatectomized dog. The 
blood sugar of the diabetic dog always returned to the norma! level and 
remained there, even though the transplanted pancreas was sometimes 
too small and sometimes too large for the size of the dog. Houssay et 
al. (239) using the same technique, fully confirmed these observations. 
They also showed that when glucose was injected intravenously, the 
blood sugar curve of the dog with the transplanted pancreas was the 
same as that of anormalanimal. Neither did transplantation of several 
pancreases into a normal dog result in hypoglycemia. Since the trans- 
planted pancreas is subject to humoral influences only, both Gayet and 
Houssay conclude that nerve impulses to the pancreas are of little im- 
portance for blood sugar regulation. Recently Houssay et al. observed 
that when insulin was injected into a pancreatectomized dog with a 
pancreatic graft in the neck, there was a delayed return of the blood 
sugar from the hypoglycemic level to normal. They attribute this to 
the exclusion of inhibitory nerve fibres to the islets of the pancreas. 
Hypoglycemia would then evoke a reflex inhibition of insulin secretion 
in the pancreas. 

Banting and Gairns (15) grafted the pancreas under the skin and de- 
stroyed all its nerve fibres. The dog did not excrete sugar for 21 days. 
The conclusion was reached that the nerve supply is not essential for the 
normal function of the islet cells. 

This survey shows what contradictory results have been obtained in 
this field. It seems as if the nerve supply were not absolutely essential 
for the integrated function of the islet tissue; nevertheless nerve im- 
pulses may play a role in the finer regulation of insulin secretion and 
hence blood sugar regulation. 

10. EPINEPHRINE SECRETION AFTER INSULIN. Satisfactory evidence 
has been offered for a reflex discharge of epinephrine from the adrenal 
medulla during severe hypoglycemia; there is but one dissenting voice 
(Stewart and Rogoff,412). Cannon et al. (69) used the denervated heart, 
and Abe (1) the denervated iris as indicator of epinephrine discharge. 
When the blood sugar fell to a critical level, the heart rate increased or 
the iris dilated, but when the adrenals had been inactivated these effects 
were absent in spite of a severe hypoglycemia. Houssay et al. (238) 
by establishing a suprarenal-jugular vein anastomosis between two 
dogs were able to show that severe hypoglycemia in the donor caused 
hyperglycemia in the recipient and that cutting of the splanchnic nerves 
in the donor abolished this effect. Histological studies of several authors 
have brovght additional evidence and reference is especially made to 
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the work of Kahn (255). As mentioned in section 13, the blood lactic 
acid level could be used as an index for epinephrine secretion. 

The reflex discharge of epinephrine during hypoglycemia is a fine 
illustration of the regulatory functions of the body. The nervous con- 
trol of epinephrine secretion insures a quick response. Other forms of 
reflex hyperglycemias are discussed by Griffith (208). 

When epinephrine discharge was abolished by extirpation of the 
adrenals (Sundberg, 414; Lewis, 291) or by their inactivation (Lewis 
and Magenta, 292; Britton et al., 56), the sensitivity of the animals to 
insulin was found to have increased. The former work, performed on 
rats, is not entirely convincing, since it has been shown that adrenalecto- 
mized rats, in the majority of which a cortical insufficiency exists, are 
more sensitive to a variety of substances, such as morphine, histamine 
or bacterial toxins. 

11. THE BLOOD SUGAR CONCENTRATION IN DIFFERENT BLOOD VESSELS. 
Henriques and Ege (223) and Foster (182) were the first to make use of 
modern micro methods in a comparison of the blood sugar content of 
arterial and venous blood. According to the former author arterial 
blood of fasting dogs contains on an average 4 mgm. more sugar than ve- 
nous blood of a leg. Differences of a similar magnitude were subse- 
quently recorded by most investigators in normal fasting men and 
animals. Foster after having shown that, with regard to its sugar con- 
tent, capillary blood is practically identical with arterial blood, found 
that after glucose ingestion the difference in capillary-venous blood 
sugar rose to a marked extent. He thus demonstrated an increased 
sugar intake by the peripheral tissues, i.e., mainly muscles, after a carbo- 
hydrate meal. Wertheimer (440) found no difference in arteriovenous 
blood sugar in severe diabetes and pancreatectomized dogs, whereas he 
could show that in normal men arterial always contained more sugar 
than venous blood. 

a. The effect of insulin. In 1923 Faber (169) found in diabetics, and 
Cori, Cori and Goltz (84) in fasting unanesthetized rabbits that after 
insulin injections the difference between arterial and venous blood sugar 
tends to become larger. The latter authors concluded that insulin has 
a peripheral point of attack, increasing sugar utilization mainly in the 
muscles. These observations have been confirmed among others by 
Frank, Nothmann and Wagner (185) in fasting rabbits and depancrea- 
tized dogs, by Lawrence (281) in diabetics after a meal, by Rabinowitch 
and Bazin (373) in fasting diabetics, by Norgaard and Thaysen (352) in 
normal fasting men, by Schmidt (393) in normal fasting dogs. Cori 
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and Cori (86) compared the arteriovenous blood sugar difference in 
rabbits after a glucose meal and found that insulin was still effective 
under these conditions. The amount of insulin given off by the animal’s 
own pancreas in response to the carbohydrate plethora is therefore not 
sufficient to lead to a maximal sugar utilization in the muscles. 

In experiments on unanesthetized rabbits with the ‘‘abdominal win- 
dow method” it was possible, by means of a special needle, to draw blood 
from a hepatic vein before its entrance into the vena cava (84). It was 
found that the difference in sugar concentration between hepatic vein 
and arterial blood became smaller after insulin injection. Similar re- 
sults were obtained by Villa (431), Kotschneff (267) and Molitor and 
Pollak (337). They are in line with the evidence presented in section 
3, that insulin inhibits glycogenolysis in the liver. 

b. Effect of epinephrine. Wiechmann (443) found that the arterio- 
venous plasma sugar difference remained near the basal level during 
epinephrine hyperglycemia in man. His observation was confirmed in 
a comparison of arterial and venous blood sugar in normal men (112) 
and in rabbits (111) after subcutaneous injection of epinephrine. The 
conclusion was drawn that an increase in sugar intake which is regularly 
observed during alimentary hyperglycemia, does not take place during 
epinephrine hyperglycemia. 

12. THE HEPATECTOMIZED ANIMAL. a. Blood sugar. Mann and his 
collaborators (310) have evolved a technique for total removal of the 
liver in dogs and Markowitz and Soskin (317) succeeded in simplifying 
this method. In both cases the animals survive for a considerable time. 
Long periods of survival after hepatectomy have been obtained pre- 
viously in ducks and geese (Minkowski, 336). Owing to favorable 
anatomical conditions the removal of the liver is relatively easy in birds. 
In a paper which appeared in 1897 Kausch (257) reproduced an average 
curve which illustrates the progressive fall in blood sugar in hepatec- 
tomized ducks in a most striking manner. The fall in blood sugar 
shows that the liver is of paramount importance for the maintenance of 
a normal blood sugar level. One must assume that the liver continu- 
ously adds some glucose to the blood and thus prevents the development 
of hypoglycemia. Muscle glycogen, according to Bollman et al. (42) 
rapidly decreases in the hepatectomized dog, but since it does not be- 
come transformed to glucose, (see section 5) it follows that liver glycogen 
is the only directly available source of blood sugar in the body. The 
observation that various types of experimental hyperglycemias, as for 
instance those produced by epinephrine, etherization, asphyxia, do not 
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occur after removal of the liver (310), (403), is additional evidence for 
the fact that glycogen other than that of the liver does not contribute 
glucose to the blood. 

When insulin is injected into a hepatectomized animal, the fall in blood 
sugar is accelerated (Mann and Magath, 309). This is one of the 
proofs for an extrahepatic point of attack of insulin. The hypoglycemic 
symptoms after hepatectomy and after an overdose of insulin are sim- 
ilar and the restorative action of glucose is the same in both cases. 

Kausch removed the liver from ducks and geese which had been de- 
pancreatized 12 to 48 hours previously. In the first 3 hours after hep- 
atectomy he observed a more rapid decrease in blood sugar in the depan- 
creatized animals than in those with the pancreas intact. After 3 
hours the initial difference in the blood sugar concentration of the de- 
pancreatized hepatectomized and merely hepatectomized animals had 
disappeared and from then on the fall in blood sugar proceeded at the 
same rate in both cases. When the liver was extirpated from a dog 
which had been depancreatized 24 to 96 hours previously, the blood 
sugar, which was at a high level, began to fall immediately (Mann and 
Magath, 308). The initial fall was more rapid than in a hepatectomized 
dog with the pancreas intact and typical hypoglycemic symptoms 
appeared at blood sugar levels of 70 to 200 mgm. per cent. Injections of 
glucose had a restorative effect. These findings offer the weightiest 
argument against the conception that the power of glucose utilization is 
lost completely after pancreatectomy. There is the possibility that re- 
moval of the liver restored to the tissues the capacity to use sugar but it 
seems more likely that the diabetic animals were using small amounts of 
sugar all along. Lesser (I) puzzling over the fact that hypoglycemic 
symptoms appear at such a high blood sugar level in diabetic dogs, 
offered the interesting suggestion that in diabetes a high blood sugar 
level is necessary for any sugar to be utilized in the tissues. When the 
blood sugar falls below 200 mgm. per cent, sugar utilization is depressed 
to a degree incompatible with normal functions, so that coma or convul- 
sions set in. Lesser is therefore of the opinion that the experiments of 
Mann and Magath demonstrate a lessened ability of the tissues of the 
diabetic animal to utilize sugar. 

It has perhaps not been sufficiently considered that mammalian ery- 
throcytes split glucose to lactic acid (glycolyze) and that this might con- 
tribute to the fall in blood sugar after hepatectomy. Glycolysis takes 
place in fully oxygenated blood and there can be little doubt that it also 
occurs in vivo. According to Macleod and Pearce (304) and Eadie, 
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Macleod and Nobel (157) about 50 per cent of the sugar originally pres- 
ent disappears from sterile defibrinated dog blood in 23 hours when kept 
at body temperature. Cajori and Crouter (65) showed for human blood 
that the rate of glycolysis rises with the glucose concentration and the 
same is to be expected for dog blood. Lesser calculated from the experi- 
ments of Mann an average fall in blood sugar of 12 mgm. per 100 ce. 
blood per hour. Since the blood sugar is in equilibrium with about 50 
per cent of the body weight, this would correspond to 60 mgm. per kilo 
per hour. Glycolysis could thus account for as much as one-third of the 
sugar which disappears from the blood in 24 hours after hepatectomy. 
‘The quicker disappearance in diabetic dogs with a high blood sugar 
level would thus find a partial explanation. 

b. Respiratory metabolism. Eviscerated animals are less satisfactory 
than surgically hepatectomized ones, because in them oxygen consump- 
tion falls rapidly and the survival period is short. Markowitz (318) 
noted respiratory quotients between 0.8 and 0.9 in eviscerated dogs 
kept for 2 to 4 hours without glucose. In one animal the quotient re- 
mained around 0.77 for 3 consecutive hours. In eviscerated and 
hepatectomized dogs the R. Q. was 0.89 to 0.99 before glucose adminis- 
tration and when, after the blood sugar had fallen to low levels, glucose 
was injected, a further rise in the quotient did not take place. These 
experiments were made on unanesthetized animals. Bornstein (49) 
used eviscerated dogs under chloralose anesthesia. After operation, 
without glucose administration, the oxygen consumption in these ani- 
mals was 40 to 45 per cent below the preoperative level and the R. Q. 
rose from 0.72 to 0.8 or 0.9 but not to unity. When glucose was infused 
the quotient rose to unity and higher. Since the CO, content in the 
alveolar air tended to fall, Bornstein concluded that overventilation 
explains, in part at least, the rise in the R. Q. He believes that these 
dogs oxidized considerable amounts of fat. Irving and Foster (244) 
made a detailed study of the CO.-equilibrium in blood and muscle of 
the eviscerated, artificially ventilated cat in conjunction with R. Q. de- 
terminations. Without glucose administration the R. Q. was near 0.8 
when the preparation was kept in a state of balanced CO, equilibrium. 
Intravenous injection of glucose caused a slight rise of the R. Q. to an 
average value of 0.85. After massive doses of insulin plus glucose the 
average observed R. Q. was 0.88. These values are considerably lower 
than those reported by Corkill, Dale and Marks (133). 

In surgically hepatectomized dogs Mann (310), Markowitz (318) and 
Mann and Boothby (311) always obtained a rise in the respiratory quo- 
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tient when large amounts of glucose were injected. The heat production 
rose also, more so, according to Mann and Boothby, than in normal dogs. 
These experiments show that the muscles can oxidize glucose in the 
absence of the liver. The more important problem however is, can a 
hepatectomized animal oxidize fat or is the liver essential for the utiliza- 
tion of this foodstuff. The authors just quoted observed a rise in the 
R. Q. from around 0.7 to 0.8 or 0.9 immediately after removal of the 
liver. Determinations of the CO, combining power of the blood before 
and after the measurement of the respiratory metabolism were made. 
Mann and Boothby do not definitely commit themselves as to the sig- 
nificance of the rise in the quotient. They state that the rise may indi- 
cate a shift toward carbohydrate oxidation but at the same time they 
point out that other explanations are possible. 

The work of Drury and McMaster (153) furnishes good evidence that 
the hepatectomized animal—in their case the rabbit—can oxidize fat. 
Animals fasting for 2 days were completely hepatectomized. Those 
showing a progressive fall in oxygen consumption or CO, combining 
power of the blood were rightly excluded from these experiments. Be- 
fore operation the R. Q. of 6 animals was 0.75 to 0.79; average 0.77. 
After hepatectomy 4 of these rabbits were given a continuous intrave- 
nous injection of glucose at a rate just sufficient to keep the blood sugar 
from falling. The R. Q. was determined 5 to 6 hours later and ranged 
from 0.76 to 0.79, average 0.77. In 2 rabbits which were given more 
glucose than they needed the quotient was 0.83 and 0.88. The CO, 
combining power of the blood was determined in each experiment and 
was practically the same before and after the period of R. Q. determina- 
tion. A “non-carbohydrate” quotient was calculated under the assump- 
tion that all of the infused glucose was oxidized and an average value of 
0.72 was found. These experiments show that an organism deprived 
of its liver can still oxidize fat; they also demonstrate that when large 
amounts of sugar are given or when the animals are not in a fasting 
state before the operation, this fact can easily be masked. More than 
any other work on record that of Drury and McMaster proves that the 
low R. Q. of the fasting animal is a true fat combustion quotient and not 
the algebraic sum of two processes—of a conversion of fatty acids to 
glucose in the liver (R. Q. 0.28) and oxidation of this sugar in muscle 
(R. Q. 1.0). Their findings are incompatible with the view that the 
R. Q. of muscle is always unity and that sugar is the sole fuel of life. 
Himwich and Castle (229) before had obtained an average R. Q. of 0.71 
of muscle in situ. 
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13. BuLoop Lactic acip. Owing to the methods which have been elab- 
orated by Shaffer and his collaborators, lactic acid can now be deter- 
mined with ease and a high degree of accuracy in blood and tissues. 
The blood lactic acid is as sensitive to external influences as the blood 
sugar and the same precautions should be used in experiments involving 
the determination of the two substances. Excitement, pain, fright 
(factors which would bring about an increased secretion of epinephrine) 
as well as hyperactivity of the animal and hemorrhage (Riegel, 377) 
should be avoided and the blood should be drawn without stasis (Men- 
del, 327). Ether anesthesia causes a rise in blood lactic acid (Ronzoni 
et al., 386), while amytal anesthesia produces no change (Hinsey and 
Davenport, 234). 

Glucose administration has been reported to increase the blood lactic 
acid level in man (Katayama and Killian, 256). Campbell and Maltby 
(66) failed to observe a rise in blood lactic acid after glucose, maltose, 
galactose or lactose ingestion, while they claim that fructose as well as 
dihydroxyacetone and sucrose ingestion are followed by such a rise. 

The important rdéle of the liver in the disposal of blood lactic acid has 
been discussed in section 4. Clinically, blood lactic acid curves after 
ingestion or injection of lactate have been proposed as a liver function 
test. It would seem that only if d- and not d, 1-lactic acid were used, 
such tests could be expected to give useful information. 

a. Influence of epinephrine. In 1925 Tolstoi et al. (422) observed in 
man and Cori (87) in rabbits and cats that a subcutaneous injection of 
epinephrine is followed by a marked rise in blood lactic acid. At that 
time the significance of this observation was not realized. When it was 
found later that after an epinephrine injection a decrease in muscle gly- 
cogen is regularly observed (Cori and Cori, 105), interest in the older 
observation was revived and it appeared probable that the lactic acid 
which was found in increased amounts in the blood had its origin in 
muscle glycogen. 

The observation of an increase in blood lactic acid has been confirmed 
by a number of authors: in man by Cori and Buchwald (128); in dogs by 
Campos, Cannon et al. (67) and Geiger and Schmidt (197); in cats by 
Corkill and Marks (132); in rabbits by Bischoff and Long (31) and Cori 
and Cori (111)). The latter authors compared the blood sugar and 
lactic acid curve after subcutaneous injection of 0.2 mgm. of epinephrine 
per kilo in rabbits. Starting from an average resting value of 11 mgm., 
the lactic acid reached an average maximum value of 74 mgm. per cent 
after 1 hour and gradually returned to the initial level in the next 3 
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hours. The hyperglycemia followed a similar course. ‘These results 
can be satisfactorily correlated to those of Sahyun and Luck (388) who 
found a fall in muscle glycogen in rabbits in the first hour. In rats 
Cori, Cori and Buchwald (119) found that after the same dose of epi- 
nephrine the lactic acid content of the blood doubled in the first 15 min- 
utes, remained practically at the same level for 1 hour and returned to 
the basal level within 3 hours after the injection. The same correlation 
can here be applied since Cori (121) noted a decrease in muscle glyco- 
gen in the rat 15 to 30 minutes after epinephrine injection as well as 
a rise in blood and muscle lactic acid at these periods. 

A comparison of the lactic acid concentration in arterial and venous 
blood in amytalized rabbits following subcutaneous injections of 0.2 
mgm. of epinephrine per kilo showed that the muscle was adding lactic 
acid to the blood for at least 3 hours (111). 

Cori and Buchwald (124) found that epinephrine accelerates the 
lactic acid formation which takes place in frogs kept without oxygen. 
In frogs under aerobic conditions epinephrine also increased the lactic 
acid content. Geiger (198) observed an increase of lactic acid in the 
urine when he injected epinephrine into hepatectomized frogs. When 
the muscles of frogs (Trendelenburg preparation) were perfused with a 
solution of epinephrine more lactic acid appeared in the perfusion fluid. 

Cannon (70) has questioned the physiological significance of a rise in 
blood lactic acid after epinephrine injections. Though he had observed 
an increase in blood lactic acid in the dog following injection of doses 
of epinephrine which he regarded as small and within physiological 
limits and had thus confirmed one of the principal contentions of Cori 
and Cori in regard to the mechanism of epinephrine action, he ascribed 
the results obtained by the latter authors to the use of an excessive dose 
of epinephrine. In view of this criticism it became necessary to devise 
experiments which would show whether epinephrine when supplied at a 
definitely physiological rate would still produce the same effect. ‘To 
this purpose epinephrine was injected intravenously at a constant rate 
into unanesthetized rabbits and blood sugar and lactic acid were deter- 
mined at frequent intervals (120). The lowest rate of injection at 
which a rise in blood lactic acid as well as blood sugar became noticeable 
was 0.00005 mgm. per kilo per minute. Ata rate of 0.00025 mgm. per 
kilo per minute both these blood constituents rose markedly and their 
time curves resembled those obtained after subcutaneous injection of 0.2 
mgm. perkilo. Both rates of injection are below the average maximum 
rate at which epinephrine, according to Cannon and Rapport (68), 
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can be liberated by the adrenal medulla. The minimal rate of injection 
still effective in raising the blood pressure of rabbits is 0.0006 mgm. 
per kilo per minute or about 10 times the one required to produce a 
rise in lactic acid. 

The relations between minimal rate of intravenous injection affecting 
blood sugar, lactic acid and blood pressure have also been established 
in man (128). Epinephrine injected at a rate of 0.00005 mgm. per kilo 
per minute for 30 minutes produced a slight rise in blood lactic acid, 
blood sugar as well as blood pressure. 

Puncture of the floor of the 4th ventricle has been shown to be followed 
by an increased secretion of epinephrine from the adrenals (Kahn, 254; 
Carrasco-Formiguera, 72; Shimidzu, 395). It was found in 4 experi- 
ments that the rise in blood sugar following an effective puncture was 
always accompanied by an increase in blood lactic acid and that the 
time curves of these 2 substances ran a parallel course (unpublished). 

These observations warrant the conclusion that epinephrine admin- 
istered in doses which are within physiological limits raises the blood 
lactic acid and that an excess of epinephrine secreted by the adrenal 
medulla has the same effect. That muscle glycogen is the source of the 
lactic acid has been shown in numerous experiments. Small doses of 
epinephrine, such as have been used in some of the above experiments, 
have been shown to cause vaso-dilatation and not vasoconstriction in 
muscle (Hartman 217, and others). Recently this has been confirmed 
by Rein (375) with his accurate electro-stromuhr technique. The 
suggestion that lactic acid is formed because epinephrine causes asphyxia 
in muscle has therefore little likelihood. Since, furthermore, epineph- 
rine liberates lactic acid in frogs kept under anaerobic conditions, its 
effect cannot be due to a setting up of anoxemia in muscle. 

It would seem that the reluctance in some quarters to accept the new 
facts about the action of epinephrine on muscle glycogen is due to the 
conception that only contracting muscle produces lactic acid. It may 
therefore be pointed out again that Meyerhof (328) has clearly shown that 
resting muscle has qualitatively the same glycogen@lactic acid metab- 
olism as contracting muscle. 

b. Influence of insulin. During insulin convulsions the blood lactic 
acid rises (Cori, 87) but this is not specific for insulin since convulsions 
due to other agents have the same effect. When the hypoglycemic 
convulsions are relieved by glucose administration, the blood lactic acid 
returns to the normal level. 


It is possible to lower the blood sugar of a fasting animal by means of 
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an insulin injection without causing an appreciable change in blood 
lactic acid (Baur et al., 19; Best and Ridout, 28; Cori, 87; Mendel et al., 
327). On the other hand, there are experiments recorded in the litera- 
ture in which the blood lactic acid rose after an insulin injection, es- 
pecially when the blood sugar was reduced to a low level. Since hy- 
poglycemia leads to an increased discharge of epinephrine from the 
adrenal medulla, it seems likely that it is epinephrine and not insulin 
which raises the blood lactic acid. 

In contrast to its effect on blood sugar, insulin when injected simul- 
taneously with epinephrine, has hardly any antagonistic effect against 
the blood lactic acid increase produced by epinephrine (111). The 
blood lactic acid level should therefore be a sensitive index of adrenal 
discharge during insulin hypoglycemia. 

J 14. TH CALORIGENIC ACTION OF EPINEPHRINE. An increased oxygen 
consumption after a subcutaneous injection of epinephrine was first 
noted by LaFranca (275). His observation was confirmed by numerous 
investigators on man and animals (see Trendelenburg, X). The term 
“calorigenic action” for the increase in oxygen consumption after epi- 
nephrine injection was introduced by Boothby and Sandiford (45). 
They injected epinephrine intravenously into trained dogs at rates 
varying from 0.0006 to 0.0025 mgm. per kilo per minute and found that 
during the injection which lasted for 6 to 13 minutes the calorie output 
rose 12 to 33 per cent. After the injection the heat production rapidly 
returned to the basal level or to one slightly above it. The minimal 
rate of injection which would still raise the basal metabolism was de- 
termined for normal men by Cori and Buchwald (128). Thoroughly 
trained subjects received first for 20 minutes an intravenous injection of 
salt solution, during which period no significant change of the basal 
metabolic rate was noted. Following this, epinephrine was injected for 
30 minutes; 0.000025 mgm. per kilo per minute had no effect on heat 
production, while 0.00005 mgm. per kilo per minute raised the heat pro- 
duction 8 to 17 per cent above the basal level. In similar experiments 
on rabbits an injection of 0.0001 mgm. per kilo per minute for 30 minutes 
was ineffective but 0.00025 mgm. per kilo per minute raised the oxygen 
consumption on an average by 28 per cent (unpublished). 

Several factors which are important for the increase in calorie output 
after epinephrine injection will be discussed. 

a. Is the calorigenic action due to muscular activity? Boothby and 
Sandiford paid special attention to the behaviour of their dogs and 
stated that they remained quiet and showed no signs of increased tonic- 
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ity or rigidity of the muscles. The subjects in Cori and Buchwald’s 
experiments remained as relaxed during the epinephrine as during the 
salt solution period and any kind of muscular tremor was absent. Since 
after subcutaneous injection of 0.5 to 1 mgm. of epinephrine in man 
tremor of the limbs is frequently observed, such experiments cannot be 
considered in this discussion. In untrained animals, too, some extra- 
motility cannot be definitely excluded after a subcutaneous injection. 

Experiments on anesthetized animals, though they rule out the factor 
of muscular overactivity, are open to other objections. In view of the 
pronounced effect of amytal on sugar oxidation after an epinephrine 
injection (129) there is the possibility that the anesthetic may have a 
modifying influence on the calorigenic action of epinephrine. The 
anesthetic may but slightly depress the basal metabolic rate while 
inhibiting the calorigenic action of epinephrine. Such an action of the 
anesthetic may be the explanation for the negative results which Klein 
and Weiss (262) obtained on deeply urethanized rabbits after epineph- 
rine injections. Aub, Bright and Forman (9) and Hunt and Bright 
(242) found however that urethane and amytal in moderate doses did 
not abolish the calorigenic effect of epinephrine in the cat. Hari 
(213) immobilized dogs by curare and injected epinephrine intraperi- 
toneally; the heat production did not rise and even fell asa rule. A 
possible interaction of the two drugs renders the interpretation of his 
results difficult. Freund and Grafe (183) made a cervical transection 
of the spinal cord in two rabbits. In these flaccid animals epinephrine 
still increased heat production by 22 and 50 per cent. Cori and Buch- 
wald (130) destroyed the central nervous system of frogs with the ex- 
ception of the medulla. Such frogs breathe spontaneously but are 
otherwise completely immobilized and flaccid. They survive for 
several days and their oxygen consumption, determined in hourly periods 
is quite constant. After several basal periods salt solution was injected 
causing an insignificant change in oxygen intake. Then epineph- 
rine was injected. The oxygen consumption rose in all experiments 
(average increase 52 per cent) with a return to the basal level in 2 to 
3hours. It may therefore be said that the calorigenic action of epineph- 
rine occurs in flaccid animals and, in frogs, after destruction of most of 
the central nervous system. 

b. The réle of the liver in the calorigenic action. The second question 
to be considered is, does epinephrine raise the heat production after ex- 
tirpation of the liver or its exclusion from the circulation. According 
to Hunt and Bright (242) even after tying all liver vessels, epinephrine 
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injections still produce a rise in oxygen consumption. This differs from 
Soskin’s (404) results on five eviscerated and two hepatectomized dogs. 
In all his experiments the oxygen consumption fell rapidly; in 2 evis- 
cerated animals this amounted to 63 and 54 per cent in 23 to 3 hours, in 
one hepatectomized dog to 48 per cent in 33 hours. The epinephrine 
injection failed to arrest the rapid decline in oxygen consumption. 
Corkill and Marks (132) state that they observed a temporary rise in 
oxygen consumption in eviscerated cats. ‘They administered epineph- 
rine by means of a continuous intravenous injection and started 
applying it sooner after the operation than did Soskin. Cori and Buch- 
wald (130) found that pithed hepatectomized frogs survive for 2 to 5 
days during the winter months. Their oxygen consumption was hardly 
lower than that of pithed frogs with intact liver. Epinephrine injec- 
tions raised the oxygen consumption on an average 51 per cent on the 
first day, 35 per cent on the second day and 26 per cent on the third day 
after hepatectomy. In some hepatectomized frogs a positive result was 
obtained on several successive days, but shortly before death, when the 
condition of the frog and its oxygen consumption had declined, epine- 
phrine frequently failed to raise the oxygen consumption. (It was 
ascertained that such animals still contained considerable amounts of 
muscle glycogen.) In view of this experience it seems possible that 
some of the negative results with mammals are due to the rapidly ap- 
proaching end of the animal and not to the exclusion of the liver. It 
should be noted that Bornstein (50) failed to find an increased oxygen 
consumption of the perfused limb of the dog when epinephrine was 
added. Griffith (209) even found a fall in oxygen eqnsumption of a 
limb after intra-arterial injection of epinephrine into cats under chlo- 
ralose anesthesia; no explanation is given for this inversion of epinephrine 
action. 

c. What joodstuffs are oxidized to furnish the extra calories? It has 
already been mentioned that the rise in the respiratory quotient, obser- 
vable shortly after an epinephrine injection, cannot be taken to be due 
to combustion of mobilized liver glycogen. Boothby and Sandiford 
(45) compared the effect of 100 grams of glucose and of an epinephrine 
injection in man and came to the conclusion that the increased heat 
production after epinephrine injection was not due to a carbohydrate 
plethora. In fasted rats with an R. Q. of 0.71 and very little glycogen 
in the liver (105), epinephrine produced an insignificant rise in blood 
sugar, but its calorigenic action was as marked as in well-fed rats in 
which the blood sugar rises considerably. In fasted animals the extra 
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calories were furnished entirely by fat combustion. When at the time 
of the injection of epinephrine the rats were oxidizing a mixture of carbo- 
hydrate and fat, the extra heat was also furnished by a mixture of these 
two foodstuffs (106). During sugar absorption from the alimentary 
canal, i.e., during a period of carbohydrate plethora, the extra calories 
after an epinephrine injection were furnished exclusively by fat oxida- 
tion (107). Epinephrine partially inhibits oxidation of glucose supplied 
to the organism, as will be discussed at length in section 19. The inter- 
pretation of Krantz and Means (268) that the extra heat after epineph- 
rine is furnished at the expense of the foodstuff that happens to be most 
readily available at the time of injection does not apply to the sugar-fed 
animal, though it is true, on the whole, for the postabsorptive state. 

When the animal, before epinephrine injection, utilizes mostly fat, as 
is the case in phlorhizinized rats or in rats on a fat diet, the increase in fat 
oxidation after the epinephrine injection may lead to a sharp rise in the 
excretion of acetone bodies, as was shown by Anderson and Anderson 
(7). In normal rats on a mixed diet no rise in acetone body excretion 
occurred after epinephrine administration. In fasted dogs a rise in 
blood fat has been observed after epinephrine injections (231). 

d. The mechanism of the calorigenic action. In summarizing it may be 
said that the calorigenic action of epinephrine is not due to hyper- 
activity of the animal and that it occurs in the absence of the liver in the 
frog but that this point has not yet been settled in the mammal. It is 
now definitely known that epinephrine liberates lactic acid in muscle and 
from the work of Meyerhof it is known that lactic acid formation in 
muscle increases respiration. The calorigenic action of epinephrine is 
ascribed to the extra expenditure of oxidative energy required for the 
reconversion of lactic acid to glycogen. Fat as well as carbohydrate 
may furnish the extra calories in the postabsorptive animal. In the 
fasting animal with a respiratory quotient of 0.72 fat alone is oxidized 
in excess and in the sugar-fed animal the absorbed glucose is not used 
to furnish the extra calories. If this conception is correct, the recent 
finding of Rapport (374) that the extra heat produced after epinephrine 
injection (like that after protein ingestion) cannot be used for muscular 
work, may find an explanation. 

15. DURATION OF EPINEPHRINE ACTION. a. Intravenous injection. 
The action of epinephrine on blood vessels, intestine, uterus or on other 
unstriated muscle is characterized by a very short latent period, by a 
correlation of the strength of the response to the concentration and by a 
rapid return to the basal level after removal of the drug. In the case 
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of the metabolic action (blood sugar, blood lactic acid, basal metabolism, 
etc.) the response is also very rapid as is shown in the following experi- 
ment in which epinephrine was given in physiological amounts. An 
unanesthetized rabbit received an intravenous injection of 0.0005 mgm. 
of epinephrine per kilo per minute for 4 minutes. The blood sugar 
values were as follows: —2 minutes, 105; 0 minute, 107 (start of injec- 
tion); 2 minutes, 107; 4 minutes, 113 (end of injection) ; 6 minutes, 122; 
8 minutes, 133; 10 minutes, 128; 12 minutes, 127; 14 minutes, 119. 
The same results were obtained in 4 other experiments of this type (un- 
published). It will be noted that the blood sugar is already elevated 4 
minutes after the injection has been started, continues to rise for 4 min- 
utes after the termination of the injection and then begins to fall. The 
rise of blood sugar does not coincide exactly with the injection period 
because some time elapses until the amount of sugar liberated in the 
liver and diffusing out into the blood stream is sufficiently large to affect 
the percentage of sugar in the blood. In this connection it may be men- 
tioned that Britton (57) found a rise in blood sugar a few minutes after 
an emotional excitement had been evoked in cats. 

Three minutes after a single intravenous injection of 0.03 mgm. per 
kilo into rabbits both blood sugar and blood lactic acid were definitely 
elevated (120). The latent period for the rise of blood lactic acid is 
therefore as short as it is for the rise of blood sugar. 

An increase in heat production has been observed in men 6 minutes 
after starting a continuous intravenous injection of epinephrine (128). 
The metabolic action of epinephrine probably sets in as rapidly as the 
‘“nharmacological” action and it is mainly due to the nature of the 
methods used that the former response cannot be demonstrated imme- 
diately. 

Some relation between the concentration of epinephrine in the blood 
and its effect on the blood sugar can be demonstrated, though the range 
over which this correlation operates is rather small (120). A continuous 
intravenous injection of 0.00005 mgm. per kilo per minute proved to be 
the smallest rate of injection which produced a rise in blood sugar in 
rabbits. Doubling and quadrupling this rate increased the response of 
the blood sugar, but a rate of injection of 0.00025 mgm. per kilo per 
minute already produced a maximal effect, i.e., the blood sugar curve 
observed during 2 hours of injection at this rate was the same as the 
blood sugar curve observed during rates of injection of 0.0005 to 0.001 
mgm. per kilo per minute. In the case of blood lactic acid there also 


exists some relation between the magnitude of the response and the rate 
of injection. 
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The return of the blood sugar to the basal level after discontinuing the 
epinephrine administration cannot be expected to be instantaneous for 
two reasons. In the first place, even if no more new sugar is liberated, 
some accumulated sugar will continue to diffuse out of the liver until 
blood and liver sugar are in equilibrium. Secondly, some time is re- 
quired for the removal of the excess blood sugar in the tissues. In ex- 
periments on rabbits in which epinephrine was injected intravenously at 
a rate of 0.0005 mgm. per kilo per minute, the blood sugar rose to values 
between 300 and 400 mgm. per 100 cc. at the end of the 2 hour injection 
period and returned to the basal level in 1 to 2 hours after stopping the 
injection. The blood lactic acid in these experiments returned to the 
basal level in about 1 hour, i.e., it fell more rapidly than the blood sugar 
(120). In experiments on men (128) pulse rate, respiration and blood 
pressure returned to the basal level 5 to 10 minutes after the end of a 
continuous intravenous injection, basal metabolism in 15 to 30 minutes, 
while generally more than 30 minutes were required for the disappear- 
ance of the excess blood sugar and lactic acid. 

Following a single intravenous injection of 0.03 mgm. of epinephrine 
per kilo the blood sugar and blood lactic acid reached their peak value 
15 minutes after the injection and returned to the basal level in 45 min- 
utes (120). These results are in agreement with other work reported 
in the literature (xi), but stand in contrast to those recorded by Dworkin 
(156) on amytalized cats in which the blood sugar remained elevated for 
2 to 4 hours after a single intravenous injection of 0.001 to 0.004 mgm. 
of epinephrine per kgm. Since amytal anesthesia markedly delays 
the return of the blood sugar to normal, the results of Dworkin are not 
physiologically significant. 

It has been shown that the blood sugar continues to rise or remains 
elevated only as long as epinephrine is present in the blood. As soon as 
the supply of epinephrine is interrupted the blood sugar begins to fall 
(Straub, 413; Tatum, 419). Thisis mainly due to the fact that epineph- 
rine is destroyed very rapidly in the tissues, especially in the liver, 
as has recently again been demonstrated (415) (320). The lack of after 
effect of epinephrine on blood sugar makes it possible to estimate fairly 
accurately for what length of time epinephrine is absorbed from the sub- 
cutaneous tissue. 

b. Subcutaneous injection. Intravenous injection at a constant rate 
is undoubtedly the ideal method in the study of the action of the drug; 
unfortunately this application is sometimes inconvenient and in such 
cases a subcutaneous injection has to be resorted to. In fact, the latter 
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form of administration has been used most frequently in the past in ex- 
periments designed to study the metabolic action of epinephrine. It is 
therefore desirable to know what effects are produced by a subcutaneous 
injection. 

It is easy to show that epinephrine is absorbed at a slow rate from the 
subcutaneous tissue. Trendelenburg (XI) expresses himself on this 
point as follows: ‘‘Dass die Adrenalinaufnahme aus dem Unterhaut- 
zellgewebe der Versuchstiere eine verhiltinsmissig schlechte ist, ergiebt 
sich aus der Tatsache, dass die Menge von 1 mg. per Kilo Tier in der 
Regel den Blutdruck nicht steigert, wihrend bei der intravenésen Dauer- 
infusion schon die Menge von 0.0005 mg. per Kilo und: Minute blut- 
druckwirksam ist. Also wird weniger als 0.03 mg. per Kilo in der 
Stunde, d.h. weniger als 3 % der injizierten Menge stiindlich ins Blut 
aufgenommen.”’ 

The subcutaneous injection of 0.2 mgm. per kilo though leaving the 
blood pressure unchanged produces a hyperglycemia of several hours’ 
duration in the rabbit, dog, cat or rat. - This indicates that absorption 
from the subcutaneous tissue persists for a long time and from this it 
follows that epinephrine is destroyed rather slowly in the subcutaneous 
tissue. Tatum (419) has demonstrated the persistence of epinephrine 
in the subcutaneous tissue fer several hours after its injection. Cori 
and Cori (122) using a chemical method, recovered 50 per cent of the 
amount injected from the subcutaneous tissue cf rts 1 hour after the 
injection, 32 per cent after 2 hours and 14 per cent x cer3 hours. Since 
loeal destruction is also taking place, as shown by -he fact that some 
epinephrine is lost after its injection under the skin of animals just 
killed, the above figures cannot be used for a calculation of the rate of 
absorption of epinephrine into the blood stream. 

An estimate of the rate of absorption can be arrived at in the following 
way. Since subcutaneously injected epinephrine in the doses indicated 
produces no rise in blood pressure in animals but leads to a marked and 
prolonged hyperglycemia, the rate of absorption must be below the 
minimal rate of intravenous injection causing a rise in blood pressure 
and above the minimal rate of injection causing hyperglycemia. These 
two rates can be determined quite accurately (table 3). A hyper- 
glycemic curve similar to that resulting from the subcutaneous injection 
of 0.2 mgm. per kilo is obtained when 0.0005 mgm. per kilo per minute is 
injected intravenously into rabbits. The rate of absorption from the 
subcutaneous tissue must therefore be close to the latter figure. Since 
Cannon and Rapport (68) found an average maximal rate of discharge 
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of 0.003 mgm. of epinephrine from the adrenals of the cat, the rate of 
absorption of subcutaneously injected epinephrine is considerably 
below the maximal rate of discharge of epinephrine in the body. 

To this it could be objected that epinephrine is changed in such a way 
in the subcutaneous tissue that it can no longer produce a rise in blood 
pressure while it is still capable of influencing carbohydrate metabolism. 
However, Luckhardt and Koppanyi (298) obtained a blood pressure 
response several hours after the subcutaneous injection of epinephrine 
when they massaged the injected area, a procedure which may be as- 
sumed to accelerate absorption. As long as the lack of blood pressure 
response in the common laboratory animals after subcutaneous injection 
cannot be explained in any other way than by slow absorption, the upper 
limit to the rate of absorption of epinephrine from the subcutaneous 
tissue remains sharply defined, and the statement made by Cannon 
(71) that nobody really knows how rapidly subcutaneously injected 
epinephrine is absorbed, while literally true, is less significant than it 
appears. Apart from blood pressure, the response of the denervated 
heart could also be used as an indicator of the rate of absorption from the 
subcutaneous tissue. 

In spite of all these considerations the idea seems to have arisen in 
recent times that a sustained effect of epinephrine on metabolism cannot 
be produced by a single subcutaneous injection, otherwise it would be 
difficult to explait, why an experimenter recently injected into dogs 
0.25 mgm. of epinevhrine subcutaneously every 15 minutes for 6 hours. 

In sugar-fed rats receiving an injection of 0.2 mgm. per kilo the epi- 
nephrine effect lasts for at least 4 hours, since the glycosuria persists for 
that length of time (107). This is in good agreement with the chemical 
analysis which showed that some epinephrine was still present in the 
subcutaneous tissue 3 hours after the injection. That a single subcu- 
taneous injection of such a dose produces even quantitatively very nearly 
the same effect as a continuous intravenous injection of epinephrine 
of 4 hours’ duration, is shown in the following experiments (129). Rats 
under amytal anesthesia received a constant supply of glucose by vein. 
When 0.2 mgm. of epinephrine was injected subcutaneously, 61 per 
cent of the amount of glucose injected remained unutilized in 4 hours, 
while 73 per cent remained unutilized when epinephrine was given intra- 
venously at a rate of 0.001 mgm. per kilo per minute. In rabbits the 
effect of a subcutaneous injection of 0.2 mgm. of epinephrine per kilo 
also lasts at least for 4 hours (111). The length of time of action of this 
dose in other species or of other doses has not been studied in detail. 
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The fact that a single intravenous injection of even a large dose of epi- 
nephrine into man and animals has but a short-lived effect on carbohy- 
drate metabolism once so puzzling to physiologists, is now readily 
understood. 

It has been stated that the prolonged effect which is obtained after 
subcutaneous injection is unphysiological even if the rate of entrance 
of epinephrine into the blood stream is within physiological limits. 
Emotional glycosuria in men (if its adrenal origin is accepted) may how- 
ever be taken as an example of prolonged increased discharge of epineph- 
rine from the adrenals. After piqtire the increased discharge of epi- 
nephrine has been shown to last for many hours (72), (395). Finally 
the changes produced by subcutaneous injection have also been observed 
when epinephrine was injected intravenously over short periods. It 
may therefore be concluded that subcutaneous injection can be used 
with impunity in experiments designed to study physiological effects of 
epinephrine. 

c. The sensitivity of various species of epinephrine. In man, in con- 
trast to the common laboratory animals, the subcutaneous injection of 
even a small dose of epinephrine (0.01 mgm. per kilo) is followed by a 
rise in blood pressure. There are two possible explanations for this 
difference. Either epinephrine is absorbed very rapidly from the sub- 


TABLE 3 
Sensitivity of various species to epinephrine injected intravenously at constant rate 
Milligram epinephrine per kilo per minute 
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cutaneous tissue of man or the vascular system of man responds to 
smaller amounts of epinephrine than does that of the other species. 
Table 3 shows that the latter assumption is correct. It will be noted 
that in each of the species investigated carbohydrate metabolism re- 
sponds to smaller amounts of epinephrine than blood pressure. There 
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is this difference however that the smallest amount of epinephrine pro- 
ducing changes in carbohydrate metabolism and in blood pressure stands 
in a ratio of about 1:2 in man, of 1:10 in the rabbit and of 1:5 in the rat. 

16. CARBOHYDRATE METABOLISM OF TUMORS. The fact that tumor 
cells split glucose to lactic acid (CsHi20s—-2CsH6Ox) or “‘glycolyze” in 
the presence of oxygen was discovered by Warburg (434) on tumor 
tissue in vitro. Before proceeding to the manometric determination of 
lactic acid which he employed in most of his investigations, lactic acid 
was determined chemically and isolated as zine salt. Reference will 
here be made mainly to the work which appeared after 1926 and which 
therefore is not included in Warburg’s (XII) book. 

a. Aerobic glycolysis. This is not specific for tumor cells. It occurs 
in every cell when its respiration has been disturbed. Warburg distin- 
guishes between a diminution of QO.-intake and an inhibition of the 
Pasteur reaction. Pasteur discovered that fermentation diminishes 
when cells are brought from anaerobic into aerobic conditions. This 
effect of respiration on fermentation may be expressed as follows: 
anaerobic fermentation — aerobic fermentation 

; C:.H;CN in a concen- 

O. consumption 

tration of 10-* neither influences O,-intake nor anaerobic fermentation 

of tumor or yeast cells. But the effect of respiration on fermentation is 

inhibited, i.e., the amount of lactic acid which in the case of the tumor 

appears aerobically is almost as large as that appearing anaerobically. 
This chemical therefore inhibits the Pasteur reaction (XII). 

The respiration of tissue cells may be damaged with resulting aerobic 
glycolysis 1, in the body and 2, while or after the tissue is excised a, in- 
cidentally or b, deliberately by exposing it to certain chemicals or other 
factors. Examples for each of these cases follow: 1. Cells which are 
degenerating and losing their nuclei, as for instance mammalian eryth- 
rocytes, have a very low OQ,-intake associated with high aerobic 
glycolysis. In contrast to this nucleated avian erythrocytes do not 
glycolyze aerobically, since their respiration is high. Certain patho- 
logical overgrowths associated with intracellular viruses (Crabtree 
(136)) as well as granulomatous tissue (Neuhaus (348)) and exudate 


leucocytes (Fleischmann and Kubowitz (176)) exhibit more or less 
aerobic glycolysis.‘ 





‘ Recently Dickens and Simer (Biochem. Journ., 1930, xxiv, 1301) made the 
observation that a tuberculous lymph gland exhibited aerobic glycolysis. The 
same authors concluded on the basis of measurements of the respiratory quotient 
that there exists a defect in the oxidation of carbohydrate by tumor tissue. 
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2a. The retina of warm-blooded animals is an extremely sensitive 
structure; removal from the eye cannot be accomplished without inflict- 
ing some damage and as the result of this the retina glycolyzes aerobi- 
cally when suspended in serum or Ringer solution (270). The fact that 
the more resistant fish or frog retina, when kept below 30°C. does not 
glycolyze aerobically (271) (841) makes it probable that in the case of 
the mammalian and bird retina aerobic glycolysis appears only because 
respiration is damaged during or after removal of the tissue from the 
body. 

2b. When embryonic tissue is poorly supplied with oxygen, aerobic 
glycolysis sets in and subsequent full oxygenation does not repair this 
damage which is therefore irreversible (XII). As mentioned before, 
C,H;CN inhibits the Pasteur reaction, and when added to embryonic 
tissue in vitro aerobic glycolysis sets in. This is a reversible change; 
when the chemical is removed, aerobic glycolysis disappears again. 
When embryonic tissue (XII) or bone marrow cells (188) are suspended 
in Ringer solution instead of in serum, the Q,-intake is irreversibly 
damaged. 

Aerobic glycolysis has occasionally been claimed for normal cells, as 
for instance for leucocytes (Bakker, 13), and for rat placenta (Murphy 
and Hawkins, 339). But Fujita (188) showed that by taking extreme 
care in handling the cells and by suspending them in serum of the same 
species, neither leucocytes, placenta nor spleen glycolyze aerobically. 
Recently Schlossmann (392) showed that leukemic blood cells have no 
aerobic glycolysis and Glover et al. (201) claim the same for immature 
leucemic cells of myelogenous or lymphatic origin, but observed aerobic 
glycolysis in normal white blood cells and mature myelogenous cells 
from leukemic blood. 

There have also been reports of tumors with little or no aerobie gly- 
colysis. But in Warburg’s as well as several other laboratories malig- 
nant tumors of all species investigated have invariably displayed this 
phenomenon. Admixture of fibrous tissue which is frequent in certain 
tumors (human breast tumors) or inclusion of necrotic areas in the 
parts selected may explain some of these negative results. Murphy and 
Hawkins (339) found that some spontaneous mouse carcinomas and 
Jackson et al. (249) that human lymphosarcomas have little aerobic 
glycolysis. 

Though aerobic glycolysis is not specific for malignant tumor cells, 
there still exists, according to Warburg (437), a fundamental dis- 
tinction. Non-tumor cells which glycolyze (unnucleated erythrocytes, 
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cells in infectious granulation tissue) are short-lived and headed for 
destruction, whereas tumor cells keep on growing and multiplying and 
actually derive energy from their perverted metabolism. Okamoto 
(XII) showed that tumor cells (rat carcinoma or sarcoma, chicken 
sarcoma) can be transplanted successfully after 3 days of anaerobiosis, 
provided they have glucose at their disposal. In later experiments Wind 
(XII) found that chicken sarcoma cells in tissue cultures continue to grow 
under anaerobic conditions (O2 concentration below 2  10~‘ vol. per 
cent) if the culture media contains glucose. Tumor cells like yeast or 


other facultative anaerobic organisms, are able therefore to live and 


even to multiply at the expense of fermentation, while normal mammal- 
ian cells are unable to survive even a short period of anaerobiosis. 

The O,-intake of tumor cells need not necessarily be small. Warburg 
(436) observed tumor cells with a high O.-consumption; in these cells 
an inhibition of the Pasteur reaction is taken to explain their aerobic 
glycolysis. The existence of such cells led Warburg to abandon the 
previously adopted classification (435) of cells according to the magni- 
tude of their O.-intake (so called U-value). 

b. Aerobic glycolysis of the tumor in situ. That aerobic glycolysis is not 
confined to excised tumor tissue has been shown by Cori and Cori (89). 
A Rous sarcoma was grown on the wing of a chicken and the blood that 
had passed through the tumor was compared with blood that had 
passed through the tissues of the normal wing. In this way it was found 
that tumor cells in the body remove more sugar from the blood and add 
more lactic acid to it than do normal cells. The same was found to be 
true in an experiment on a man with a sarcoma of the fore arm. War- 
burg et al. (XII) confirmed these observations; they compared the 
sugar and lactic acid content of the arterial and venous blood of the 
Jensen sarcoma with that of normal tissues and found even larger differ- 
ences than Cori and Cori. This may be due to the fact that the vascu- 
larisation of the Jensen sarcoma and the Rous sarcoma is different. 
Since these findings are merely of a qualitative character, an attempt 
was made to develop a method for the quantitative determination of 
tumor glycolysis in the animal. In the first procedure (Cori and Cori, 
108) the tolerance of normal rats for intravenously injected d-lactate was 
compared with that of rats bearing a Jensen sarcoma. It was found 
that the latter animals showed a greatly diminished tolerance for lactic 
acid and this was explained by the fact that lactic acid, produced by the 
tumor, added itself to the lactic acid infused from without. By way of 
control it was shown that the tolerance of the tumor-bearing animals 
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for intravenously injected glucose was not disturbed. Since the de- 
crease in lactic acid tolerance was fairly proportional to the size of the 
tumor, it could be calculated that 570 to 800 mgm. (av. 690 mgm.) of 
lactic acid are formed per 100 grams fresh tumor per hour. The second 
is by far the better and more direct method (109). It is based on the 
finding (116) that eviscerated rats, owing to the removal of the pancreas, 
use hardly any glucose. For example, when 100 mgm. of glucose were 
injected intravenously into eviscerated rats, 97 per cent could be recov- 
ered from the tissues after 10 minutes and 90.4 one hour after the in- 
jection (average of 6 experiments each). When the same amount of 
sugar was injected into eviscerated rats bearing a Jensen sarcoma, only 
41.3 per cent was recovered. From this it was calculated that the tumor 
used on an average 515 mgm. of glucose per 100 grams fresh tumor per 
hour. Determinations of lactic acid in the control and tumor-bearing 
animals showed more lactic acid in the latter group. 

The average respiratory quotient of 8 tumor-bearing rats after a fast- 
ing period of 24 hours was found to be 0.73, as compared to a quotient of 
0.72 for the control rats (unpublished). Since the average tumor weight 
amounted to 23 per cent of the body weight, the fuel oxidized by the 
tumor was probably the same as that used by the normal tissues of the 
body, i.e., mainly fat. After glucose feeding the respiratory quotient of 
the tumor bearing rats rose on an average to 0.87 while that of the con- 
trol rats was 0.88, indicating that the tumor was oxidizing its share of 
glucose. Since the experiments on eviscerated rats referred to above 
were performed after a fasting period of 24 hours, it seemed permissible 
to assume that all of the disappearing glucose was glycolyzed by the 
tumor. That would give a figure for glycolysis 50 per cent smaller than 
that found by Warburg for aerobic glycolysis of Jensen sarcoma in vitro 
at a sugar concentration of 0.2 per cent. Accumulation of lactic acid in 
the tumor may be a limiting factor for the rate of glycolysis in the living 
animal. It was found previously that the lactic acid content of the 
tumor rises markedly wheh glucose is injected into tumor-bearing ani- 
mals (88). In the experiments on eviscerated rats the lactic acid con- 
tent of the tumors was very high, reaching values of 0.2 per cent and 
more. 

c. Mechanism of glycolysis. Meyerhof succeeded in the preparation 
of a cell-free extract of muscle which can change glycogen or hexosephos- 
phate to lactic acid. Without addition of ‘“‘hexokinase’’ this extract 
forms little or no lactic acid from glucose or fructose. Barr et al. (18) 
prepared a similar extract from Rous sarcoma, chilling being omitted, 
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since Warburg has shown that this destroys all glycolytic activity. 
This extract did not glycolyze glucose. Neuberg et al. (347) prepared 
an acetone or alcohol-ether powder of tumors and found that it formed 
methylglyoxal when added to hexosephosphate solution. 

Barr et al. claim that glycolysis in tumor tissue differs in many re- 
spects from that occurring in muscle. Two definite differences are 
apparent. Grinding and freezing destroy the glycolytic activity of the 
tumor but not of muscle tissue. Tumor cells glycolyze glucose (blood 
sugar when in the body), whereas muscle forms lactic acid from glucose 
only when certain special conditions are fulfilled. Glycogen added to a 
fluid in which tumor tissue is suspended is not glycolyzed; but since 
glycogen does not permeate the cell membrane, this observation does 
not prove that glycogen cannot be glycolyzed by the tumor cells. The 
glycogen stores of the tumor cells are low (Cori, 88; Fahrig, 170; Bern- 
hard, 27; Goldfeder, 204) and when the tumor is excised, the glycogen 
disappears comparatively slowly which seems to indicate that it is not 
glycolyzed. Quantitative determinations of the amylase content of 
tumors should be of some interest. 

Phosphorylation precedes lactic acid formation in muscle. Barr et al. 
(18) believe that hexosephosphate is not formed in tumor glycolysis, 
becauses changes in inorganic phosphates could not be demonstrated 
even when tumor slices were suspended in phosphate buffer. This finding 
seems to be in harmony with Harrison and Mellanby’s (214) obser- 
vation that no lactic acid is formed by tumor tissue from hexosemono- 
or diphosphate. Hexosephosphate does not occur in blood plasma, and 
since it is present in muscle (and probably in other tissues) it apparently 
does not diffuse out of the cells and there is little ground for believing 
that it can diffuse into the cells. Buchwald (59), who made a detailed 
study of the acid-soluble phosphates of 3 types of animal tumors, found 
a distribution of the different fractions similar to that of other tissues. 
There was no indication that phosphocreatine is present. The ‘‘soluble 
ester” fraction amounted to 16 to 30 mgm. P. Application of the method 
for the determination of hexosephosphate in muscle (see section 17) has 
given evidence in the case of the tumor of a substance which has a ratio 
reducing value to P similar to the so-called Embden mono-ester. 

The presence of hexosephosphate in tumor tissue does not prove that 
phosphorylation is a necessary step in the glycolysis of tumor cells. 
However, Neuberg et al. (347) showed that their aleohol-ether powder of 
tumor tissue formed methylglyoxal from added hexosediphosphate and 
did not therefore differ from extracts of other mammalian or avian 
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tissue which they investigated (red blood cells, rabbit muscle, chicken 
embryo). These preparations contain little ‘‘coenzyme”’ and the break- 
down of sugar proceeds only to the methylglyoxal stage. They do not 
attack hexoses, because the first step, phosphorylation, cannot be per- 
formed; it is therefore necessary to add a phosphorylized sugar. Fifty- 
two per cent of the theoretically possible amount of methylglyoxal was 
isolated in the experiments with tumor tissue. These experiments 
show that tumor tissue contains an active phosphatase but whether 
hexosephosphate is an intermediary of tumor glycolysis is still an open 
question. 

Euler and Myrbick (166) and Kraut and Bumm (269) determined the 
“coenzyme” content of tumor and found it to be higher than in other 
tissues. When the methods used for the extraction of insulin from the 
pancreas were applied to tumor tissue, only very small amounts of a 
blood sugar-diminishing substance were found (Cori, 90; Cramer et al., 
137; Roffo and Correa, 384). The influence of insulin injections on the 
growth rate of transplanted or tar tumors has frequently been tested. 
In 3 reports an acceleration, in 3 an inhibition and in 4 no effect on the 
growth rate was observed. The marked individual variability in growth 
rate of transplanted tumors is probably responsible for these divergent 
results. 

Barron (20) showed recently that methylene blue increases respiration 
in tissues having aerobic glycolysis and that this effect is roughly propor- 
tional to the fermentative power of the tissue. In tumor tissue the 
oxygen consumption may be increased 50 to 80 per cent as the result of 
addition of the dye; in normal tissue (spleen, brain) showing a low de- 
gree of aerobic glycolysis in salt solution the effect is also obtainable but 
the increase in oxygen consumption amounts to only 8 to 12 per cent. 
The respiration of normal tissues (kidney, liver, pancreas) with no aero- 
bie glycolysis is depressed by methylene blue but when the respiration 
of these tissues is damaged by addition of KCN so that they glycolyze 
aerobically, the dye increases their O. consumption. These interesting 
results had their starting point in the observation of Harrop and Barron 
(216) that addition of methylene blue to mammalian blood corpuscles 
increases their O, intake and that part of the glucose which disappears 
fails to appear as lactic acid. The chemical processes involved have 
been elucidated in a remarkable way by Wendel (439) and by Warburg 
et al. (438). In the presence of methylene blue, methemoglobin is 
formed in the corpuscles and is instrumental in the oxidation of glucose. 
Methemoglobin produced in the corpuscles by other agents (e.g. 
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amylnitrite) has the same effect on glucose oxidation. Lactic acid is 
first formed from glucose and the latter is oxidized to pyruvic acid. 
The catalytic action of methemoglobin depends on its presence in the 
cells, methemoglobin in solution has no effect. It will be recalled in 
this connection that according to the investigations of Warburg the 
respiration enzyme is a hemin compound and it is therefore of special 
interest that the glucose oxidation by methemoglobin in living erythro- 
cytes is another example of a Fe catalysis. 

17. BLOOD AND TISSUE PHOSPHATES. One of the well-known effects 
of insulin injections in normal and diabetic men and animals is a drop in 
the inorganic phosphate content of the blood (Harrop and Benedict, 45; 
Wigglesworth et al., 446; Perlzweig et al., 363; Staub et al., 407; Briggs 
et al., 53; Blatherwick et al., 35, and others (40), (258), (273), (322), 
(417)). Harrop and Benedict found that along with the inorganic P, the 
K content of the blood serum diminishes after insulin injection and that 
the changes in blood are accompanied by a sharp diminution in urinary 
output of phosphate and potassium. Later a marked compensatory 
increase in output occurs, so that the total daily excretion is generally 
not much altered. Carbohydrate ingestion likewise produces a tempo- 
rary diminution of phosphate excretion in normal individuals and this 
confirms a previous observation of Fiske (174). The changes in urinary 
phosphate excretion after insulin injections have been studied particularly 
by Sokhey and Allan (398) and Blatherwick et al. Briggs et al. who 
described a decrease in plasma P and K after insulin injection, showed 
that the Na, Cl, Ca and Mg content of the blood undergoes no signifi- 
cant change. Perlzweig et al. found that the inorganic P of the blood 
also falls after epinephrine injection. In the urine the changes in the 
excretion of phosphates after epinephrine are similar to those observed 
after insulin injection (Allan et al. (5)). In diabetic, in contrast to 
normal dogs, glucose ingestion has hardly any effect on phosphate ex- 
cretion (Bolliger and Hartman (41), Markowitz (316)). The assump- 
tion of Kay and Robison (258) that the red blood corpuscles synthesize 
a glucose-phosphorie acid ester during insulin action has not been sus- 
tained by Kerr (260). He found that the amount of organic acid-soluble 
phosphates in the corpuscles is not significantly altered by insulin in- 
jection or pancreatectomy. The K which disappears from the plasma 
also does not enter the blood cells, nor is the lipid phosphorus of the 
blood affected by insulin. 

An increase in “lactacidogen”’ phosphorus of muscle during insulin — 
action was described by Harrop and Benedict (215), Audova and Wag- 
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ner (11) and Kay and Robison (258), whereas Macleod (III) and Best 
et al. (29) were unable to detect any change. These determinations 
were made by means of Embden’s (162) old technique (determination of 
inorganic P before and after incubation of minced muscle in bicarbonate 
solution at body temperature). Since the discovery of phosphocreatine 
(Fiske and Subbarow, 175) and the second acid-labile or ‘“pyrophos- 
phate” fraction (Lohmann, 296) in muscle, it is known that Embden’s 
method suffers from two errors. The inorganic P in resting mammalian 
muscle amounts to 20 to 30 (or less) instead of to 80 to 100 mgm. per cent 
as previously determined and most of the P liberated during incubation 
of minced muscle has its source in “pyrophosphate.’”’ Only a small 
part comes from hexosephosphate. Since the “lactacidogen”’ fraction 
as determined according to Embden’s method corresponds to 70 to 120 
in rabbit and 50 to 80 mgm. P in cat muscle (29), it can have no relation 
to the hexosephosphate content of muscle which corresponds to less 
than 10 mgm. per 100 gm. muscle. 

Recently Embden and Jest (164) reported a method for the determi- 
nation of hexosephosphate in trichloracetic acid filtrates of muscle. The 
compound was precipitated by ammoniacal alcohol in the presence of an 
excess of Mg ions and the reducing power determined by means of a 
micro sugar method. Owing to the inclusion of a large amount of other 
phosphorus compounds in the Mg precipitate the hexosephosphate 
content cannot be evaluated from total phosphate determination. 
This is a serious drawback because there is no certainty that changes in 
reducing power are due to changes in hexosephosphate content. 

A method has been evolved in this laboratory by means of which the 
reducing power as well as P content of hexosephosphate can be deter- 
mined in the same muscle extract; a proportional increase in both values 
may then be taken with some justification to represent an increase in 
hexosephosphate content of muscle. Table 4 summarizes some of the 
results which have been obtained with this method in experiments on 
rats. After subcutaneous epinephrine injection (0.02 mgm. per 100 gm.) 
the hexosemono-phosphate content of muscle is increased 15 minutes 
after injection, reaches about twice its normal value after 30 minutes, 
remains at this level until 1 hour and then slowly returns to the original 
level in the next 2 to 3 hours. Owing to a rapid breakdown of glycogen, 
the intermediary of the glycogen — lactic acid transformation accumu- 
lates in the tissues. Hydrolysis curves in N HCl gave no evidence for 
the presence of a hexosediphosphate. The temporary accumulation 
of hexosephosphate throughout the muscles of the body accounts for 
the fall in blood and urinary phosphates observed by others after 
epinephrine injection. 
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Insulin injections in fasted rats produce a marked increase in hexose- 
phosphate in 1 hour. It seemed at first very puzzling that insulin 
should have the same effect as epinephrine. Experiments on adrenal- 


TABLE 4 


Influence of insulin and epinephrine injections on hexosephosphate content of rat 
gastrocnemius 


Milligrams per 100 grams muscle 





9 control experiments: 


as onl adel ith ae av. 58.3; max. 62.9, min. 46.3 
nlite cane eukshennod eae av. 8.9; max. 14.2, min. 8.4 
EE cb cevaan tea kone ceanswnehen av. 9.2 

9 experiments 30 to 60 minutes after subcutaneous injection of epinephrine: 
NN, iis b.slencts-edbis nine bates = weet eanmembed av. 97.7; max. 119.0, min. 81.3 
i incised sedi Raw sie av. 16.2; max. 20.3, min. 14.0 
a aa ie on eo av. 16.8; 

4 experiments 60 to 90 minutes subcutaneous injection of insulin: 
Be 6023..0siseean be Vek wh bceeumebare av. 104.6; max. 119.7, min. 96.3 
Sah Gu iain cepenerelinaenia seeenes av. 17.6; max. 20.0, min. 15.4 
aides wa eee akg cs av. 18.0 

4 experiments 60 to 70 minutes after injection of insulin into adrenalectomized rats: 
ES. CGhG bead ones + cand bus uwe ev orukey av. 50.7; max. 59.4, min. 42.4 
cli itowcepehe thos ty eticenencbuen av. 8.6;max. 11.0, min. 7.2 
PD. ins 5Gi8 Heinacahan Viah Woe av. 8.7 

4 experiments 60 to 120 minutes after glucose feeding: 
eed iv kadiradthane hs verre kes Oee av. 54.5; max. 64.5, min. 49.3 
ig I aI: tf cree ee arate Og be sta 9 ke av. 9.1; max. 10.0, min. 8.2 
LA yvvatedinekobevetinavesveseeed av. 9.4; 





Comment: Since the muscle hexosemonophosphate (so-called Embden ester) 
has a reducing power for the Hagedorn-Jensen method two-thirds of that of glu- 
cose, the reducing value obtained by the latter method was multiplied by 1.5 
to give the hexose values recorded in the table. The hexose value divided by 
5.8 gives the theoretical P content for a hexosemonophosphate. It will be noted 
that the agreement between P calculated and P found is satisfactory at a high 
and low hexosephosphate content. 


ectomized animals brovght the explanation. Here insulin caused no 
change in hexosephosphate content of muscle, even though the blood 
sugar fell to a very low level. It may be concluded that the increase in 
hexosephosphate observed in normal animals after insulin injection is 
due to a reflex discharge of epinephrine elicited by the hypoglycemia. 
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Table 4 shows that after ingestion of glucose the hexosephosphate 
content of muscle does not rise. The same is true when glucose and 
insulin are administered at the same time so that hypoglycemia is 
avoided. The diminution in blood and urinary phosphates after a 
carbohydrate meal therefore remains unexplained. As a possible ex- 
planation—which will have to be tested experimentally—it is sug- 
gested that the glycogen which is deposited under these conditions, 
includes phosphates. 

Indirect tetanic stimulation for 5 seconds leads to a rise in the hexose- 
phosphate content of muscle. After a stimulation of 15 seconds the 
hexosephosphate content has reached a value of 120 mgm. per cent 
(as hexose) and does not increase any further even if the stimulation is 
continued for 1 minute. About 10 minutes after the stimulation the 
hexosephosphate content has returned to the normal level. 

18. CARBOHYDRATE BALANCE AFTER INSULIN INJECTION. Several 
attempts have been made to draw up a balance sheet of carbohydrate 
economy. Apart from its quantitative character, the advantage of this 
type of experiment is that one gains an insight into the way in which 
various processes concerned with carbohydrate metabolism such as 
glycogen formation in liver and muscle and sugar oxidation, are correl- 
ated in the organism as a whole. 

a. Experiments on mice. The experiments of Bissinger and Lesser 
(33) are summarized in table 5. The total amount of carbohydrate 
present before and some time after the glucose injection (from which the 
total amount of injected glucose which disappears can be calculated) 
was determined in the following manner. Respiratory metabolism was 
measured in an apparatus of the Reignault-Reiset type. In order to 
reduce post-mortem glycogenolysis the mice were killed by freezing with 
CO. snow. The minced tissue was extracted repeatedly with 96 per 
cent alcohol. After evaporation of the alcohol, interfering substances 
were removed by precipitation with mercuric acetate and phosphotung- 
stic acid and sugar was determined by means of the Bertrand method. 
Glycogen was determined in the tissue residue according to Pfliiger’s 
method. In other cases total carbohydrate determinations were made 
after direct hydrolysis of the tissues in 6 per cent sulfuric acid. Non- 
sugar reducing substances were separated from sugar by precipitation 
with copper sulfate and lime. 

Of importance is the large number of control and experimental ani- 
mals used in each series. A total of 154 mice was analyzed before and 
of 132 after the glucose injection. The rate of disappearance of injected 
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glucose was found to have doubled when insulin was administered (141 
mgm. in 30 minutes as compared to 67 mgm. for the control animals). 
As may be seen in table 5 this is due to an acceleration of glucose oxida- 
tion and glycogen formation under the influence of insulin. Secondly, 
in the insulin experiments there was a satisfactory agreement between 
the total amount of glucose which disappeared according to chemical 
analysis and the amount of glucose which underwent oxidation as cal- 
culated from the respiratory quotient. It will be noted that 90 per 
cent of the disappearing glucose was accounted for after 30 minutes and 
103 per cent after 40 minutes. 

Of interest is the observation that in the control animals (which re- 
ceived no insulin) glucose oxidation plus glycogen formation failed to 
account for the total of 67 mgm. of glucose which disappeared in 30 


TABLE 5 
Carbohydrate balance in mice after intraperitoneal injection of glucose and glucose 
plus insulin* 
Values calculated per 100 grams of body weight 














NUMBER OF | INSULIN GLUCOSE LENGTH | GLYCOGEN Ppa | GLUCOSE Prien 
ANIMALS INJECTED | INJECTED | OF PERIOD| FORMED |)... 5>RARED OXIDIZED vom 
units mgm, minutes mgm, mgm. | mgm. per cent 
38 0 219 30 4 67 + 4.5) 0 
48 0.09 218 30 12 141 + 6 128 | 90.0 
| | 
46 0.09 220 40) 20 15+5 | 159 | 103.0 

















* From Bissinger and Lesser (33). 


minutes. Lesser ascribes this to an insufficient insulin production in the 
fasting organism (the mice were fasted for 17 hours previous to the 
experiments) and refers to the observations of Johannson (251) and 
Staub (408) on fasting man. Cori and Cori (99), in experiments with 
fructose on rats fasted for 48 hours, made an observation similar to that 
of Lesser. They found that sugar oxidation and glycogen formation 
accounted for only 59 per cent of the fructose disappearing in 4 hours. 
On the other hand, when insulin was injected or when the metabolism 
period was prolonged to 6 hours it was found that additional fructose 
underwent oxidation resulting in a recovery of 95 per cent. These 
results suggested a lag in fructose oxidation caused probably by in- 
sufficient insulin production in the pancreas of the fasting animal. 
That starvation was actually responsible is shown by the fact that in 
rats fasted for only 24 hours previous to the experiment 88 per cent of 
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the fructose disappearing in 4 hours could be accounted for (101). 
It would be of considerable interest to know in what form the sugar is 
temporarily held in the tissues until it is oxidized to COQ, and water. 

The unaccounted for disappearance of sugar in the experiments of 
Lesser and Cori and Cori would be a most satisfactory experimental 
proof of the “unknown substance” of Macleod if it were not for the 
fact that Macleod postulates the formation of such a substance when 
insulin is present in excess while here it is seen to accumulate when there 
in a deficiency of the pancreatic insulin supply. 

MacGrath (326) in Lesser’s laboratory, performed the experiments 
shown in table 6. Neither the glycogen nor lactic acid content of fasted 
mice was changed to an appreciable extent by insulin injection. Since 


TABLE 6 
Carbohydrate balance in fasted mice* 
Values calculated per 100 grams of body weight 




















' l et 
INSULIN | TISSUE GLY- LACTIC BLOOD sae 
INJECTED! SUGAR COGEN ACID SUGAR ANIMALS 
| units mgm, mgm. | mgm. | om! 
Fasted for 18 hours.............. | 0 54 63 56 | 123 12 
30 minutes after insulin.......... | 0.09 26 57 54 | 66 12 
SST Te | —28 —6 —2 | —57 








* From McGrath (326). 


the liver of mice fasted for 18 hours contained about 9 mgm. of glycogen 
per 100 grams of body weight, the loss of glycogen of 6 mgm. might have 
occurred entirely in that organ. At any rate, in these experiments 
(which were not complicated by a prolonged hypoglycemia) muscle gly- 
cogen was not drawn upon, while at the same time a considerable quan- 
tity of sugar disappeared from blood and tissues. This shows that 
insulin stimulates principally the utilization of blood sugar; liver and 
at a still later stage muscle glycogen are only drawn upon secondarily. 

Since a mouse contains about 7 ec. of blood per 100 grams of body 
weight, about 4 mgm. of glucose disappeared from the blood after the 
insulin injection, while 24 mgm. or six times more disappeared from the 
rest of the body. In these experiments the distribution of glucose be- 
tween blood and tissues remained the same during insulin hypoglycemia 
as at anormal blood sugar level. The blood sugar values in table 6 were 
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obtained with the original Hagedorn-Jensen method and are therefore 
not ‘‘true sugar” values. Deducting 20 mgm. for non-sugar reducing 
substances (228) one finds that at a blood sugar level of 103 mgm. per 
100 ce. a value for tissue sugar of 51.5 mgm. per 100 grams should be 
expected if the blood sugar were in equilibrium with 50 per cent of the 
body weight. The value of 54 mgm. of tissue sugar as actually de- 
termined is close to the calculated figure. Similarly, at a true blood 
sugar level of 46 mgm. per 100 cc. a tissue sugar of 23 mgm. was to 
be expected while the value actually found was 26 mgm. The total 
disappearance of sugar from the body following the administration of 
insulin can therefore be calculated with sufficient accuracy if the differ- 
ence in the blood sugar value before and after the injection is divided 


by 2. Inthe experiment in table 6, ot = 28.5 mgm. is the calculated 


value while 28 mgm. is the value actually determined. 


TABLE 7 
Carbohydrate balance in mice rich in glycogen* 


Values calculated per 100 grams of body weight 




















CARBO- 
7 IG N HYDRATE 
russce | curcoons |HANCEIS| Oxtpiaep 
LATED) 
mgm. mgm. mgm, mgm, 
Controls, no injection.................. 59 172 | 
1 hour after 241 mgm. glucose.......... 140 205 +33 127 
1 hour after 241 mgm. glucose plus 
NS Wat endcars wittcieda he ee kes dad ema 88 148 | —24 236 





* From Lesser and Ammon (289). 


Lesser calculated that the oxidation of 34 mgm. of carbohydrate which 
disappeared in the experiments in table 6 would raise the respiratory 
quotient by only 0.022. The magnitude of the rise in the quotient of 
fasted animals following the injection of insulin depends mainly on the 
extent to which liver glycogen is drawn upon and hence on the glycogen 
content of the liver at the time of injection. Since the glycogen content 
of the liver of rats and mice (in contrast to that of large laboratory ani- 
mals) is very low after a fasting period of 24 hours, little increase is 
observed in the respiratory quotient after insulin injections. 

The experiments in table 7 are the last ones performed in Lesser’s 
laboratory (289), and owing to his untimely death the determination of 
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sugar oxidation could not be carried out, leaving the carbohydrate bal- 
ance incomplete. It seems permissible to include calculated values for 
the amount of carbohydrate oxidized (under the assumption of a 100 
per cent recovery, justified by other experiments of Lesser of this type) 
in order to give an idea of the general trend of values. 

The experiments in table 7 differ from those in table 5 in two respects. 
The glycogen content of the tissues was high at the time of the glucose 
injection owing to preceding carbohydrate administration and the ani- 
mals were killed after 1 hour. In the animals injected with glucose 
alone 20 per cent of the total amount of sugar which disappeared was 
deposited as glycogen, while in those injected with glucose plus insulin 
there occurred a loss of glycogen. This stands in contrast to the in- 
creased glycogen deposition which according to the experiments in table 
5 took place at an early period of insulin action. One possibility is, that 
the glycogen which accumulated at an early period disappeared again, 
because carbohydrate oxidation gained the preponderance but it may also 
be that the failure to demonstrate increased deposition of glycogen was 
due to a fall in liver glycogen larger than the gain in muscle glycogen. 

In the experiments of Lesser the whole body was analyzed for glyco- 
gen, making it impossible to differentiate between glycogen deposition 
in liver and muscle. Owing to this fact the experiments of Lesser, while 
demonstrating unequivocally that insulin may accelerate glycogen for- 
mation, left it undecided in what tissues this acceleration occurred. The 
experiments of Dale and co-workers on eviscerated cats located this 
insulin effect in muscle. 

b. Experiments on the eviscerated cat. This series of investigations on 
the eviscerated spinal cat, culminating in the type of experiment shown 
in table 8, was begun by Burn and Dale (62). These authors found that 
insulin injections markedly accelerate the disappearance of glucose in the 
eviscerated preparation and that the increase in oxygen consumption 
after the administration of insulin accounts for only a small part of the 
sugar which disappears. Attention was therefore directed to the 
changes in glycogen and in a paper by Best, Hoet and Marks (29) it was 
demonstrated that insulin enables the muscles of the eviscerated cat to 
deposit considerable amounts of glycogen. The final step, the deter- 
mination of oxygen consumption and accumulation of glycogen in the 
same preparation in order to see if this would account for all of the glu- 
cose which disappeared, was undertaken by Best, Dale, Hoet and Marks 
(30). The conclusion was reached that the glucose which disappears 
under the action of insulin is fully accounted for by the glycogen de- 
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posited in the muscles and the glucose-equivalent of the oxygen used, and 
that therefore no significant part of it could have been deposited in an 
unrecognized form. The experiment in table 8 is one of three on which 
this conclusion is based. It has been chosen because in it the chief items 
are the glucose injected on the one hand and the glucose oxidized and 
gain in glycogen on the other hand. The other items, i.e., the glucose 
seeping into the blood from the liver, the changes in muscle and blood 
sugar, are small in this experiment so that they do not figure appreciably 


TABLE 8 
Carbohydrate balance on eviscerated spinal cat after insulin injection* 
Weight of cat 2600 grams. Weight of liver 70 grams. Four different muscles 
and liver sample were taken just before injection of insulin, a total of 30 units 
was injected in 3 doses and final samples of muscle and liver were taken 33 hours 
after first injection. Glucose was injected at such a rate that the blood sugar 
rose from 0.44 at the start to 0.51 per cent at the end of the experiment. 





Glucose injected 4.80 gm. Gain in 0.661 
muscle 0.851 
Glucose 2.21 glycogen 0.190 x 13 2.470 gm. 


from liver 1.75 
0.46 X 0.7 0.322 gm. Glucose 


oxidizedf 2.595 gm. 
Fall in mus- 0.22 


cle sugar 0.20 
0.02 X 13 0.260 gm. Gain in 0.44 
blood 0.51 
sugar 0.07 xX 1.67 0.117 gm. 


Total carbohydrate disap- Total carbohydrate ac- 
Gen eee ae 5.382 gm. counted for............. 5.182 gm. 
= 96.2 per cent 





* From Best, Dale, Hoet and Marks (30). 
+ 1.946 cc. Oo, R.Q. 1.00. 


in the final balance. They could safely be omitted and the agreement 
between glucose lost and accounted for would still be satisfactory. 

The ‘‘free sugar’ in muscle was determined in the following manner. 
The minced muscle was extracted with ice-cold alcohol, the alcoholic 
extract evaporated and the residue taken up in water. After precipita- 
tion with dialyzed iron the total reducing power was determined by 
means of the Hagedorn-Jensen method. Best et al. call attention to 
the lack of parallelism between the percentage of blood and muscle 
sugar. For instance, in the experiment in table 8 the blood sugar rose 
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considerably while the muscle sugar showed a slight fall. In another 
case in which neither glucose nor insulin was injected the blood sugar 
fell from 0.3 to 0.068 per cent in a period of 53 hours but the muscle 
sugar remained practically unchanged (0.22 at the beginning and 0.23 
at the end of the experiment). The impression is gained that the values 
for “free sugar’’ in the muscles of the eviscerated preparation are un- 
usually high when compared with those obtained in the muscles of nor- 
mal animals with similar methods and at a comparable blood sugar 
level. Thus, Folin, Trimble and Newman (180) report a muscle sugar 
of 136 mgm. per cent at a blood sugar level of 380 while Best et al. record 
a muscle sugar of 320 mgm. per cent at a blood sugar of 360. 

Burn and Dale found that the quotient of the eviscerated and arti- 
ficially ventilated cat receiving glucose by vein is close to unity. Kill- 
born (261), in Macleod’s laboratory, repeated these experiments. He 
maintained the same rate and volume of artificial respiration before and 
after evisceration. Since the active tissues are reduced about 40 per 
cent after evisceration (Hunt and Bright, 242), the preparation was rel- 
atively overventilated. He also noted an increase in blood lactic acid 
following evisceration. On the basis of these results he concluded that 
the rise in respiratory quotient which takes place after removal of the 
abdominal viscera is caused partly by the formation of lactic acid, 
partly by over-ventilation leading to a blowing-off of CO,. In order 
to corroborate the latter statement, CO. determinations were made in 
arterial blood. These showed that there was a fall in the blood CO, 
coincident with the rise in the respiratory quotient. When however, 
the rate of artificial respiration was reduced so that it was adapted to 
the needs of the eviscerated preparation, the respiratory quotient fell 
promptly and this was accompanied by a rise in the blood CO.. 

Killborn has undoubtedly shown that the danger of erroneous re- 
spiratory quotients is a real one in this type of experiment and in this he 
has been sustained by the investigations of Ferguson, Irving and Plewes 
(172). But to what extent, if any, such an error entered into the de- 
terminations of Dale and his co-workers was impossible to say because 
technical details on which one could base a judgment were not given in 
their original papers. Corkill, Dale and Marks (133) state in a recent 
article that they did not continue artificial respiration at the same rate 
after evisceration as before but that they adjusted the respiratory rate 
and volume to the needs of the preparation. Consequently they did not 
determine the respiratory quotient under conditions of excessive venti- 
lation, nor did they observe an increase in blood lactic acid in their 














CARBOHYDRATE METABOLISM 233 


control experiments (for a discussion of the R. Q. after evisceration, see 
section 12, b). 

Mann and Magath (309) have shown that insulin injections accelerate 
the fall in blood sugar in hepatectomized animals. They have thus 
given evidence that insulin has also an extrahepatic point of attack. 
The nature of this extrahepatic action is elucidated by the experiments 
of Dale and co-workers on the eviscerated cat, a preparation consisting 
chiefly of muscle. According to these workers insulin accelerates oxi- 
dation and storage of glucose in muscle and thus brings abeut a fall in 
blood sugar. 

in the eviscerated animal liver function is abolished and owing to this 
fact the interrelations existing between glycogen changes in liver and 
muscle in the intact animal escape attention. In Lesser’s experiments 
though performed on intact animals, the glycogen content of liver and 
the rest of the body were not analyzed separately. The experiments 
described in the next section fill this gap. 

c. Experiments on rats. In all carbohydrate balance experiments 
standard white rats after a fasting period of 24 to 48 hours were used. 
Glycogen determinations in the liver and the rest of the body gave the 
values shown in table 9 (105). It will be noted that there occurred a 
diminution of only 22 mgm. of glycogen between the 24th and 48th hour 
of fasting. During this time these animals produced about 16 calories, 
one half of which may be assumed to be formed in muscle, corresponding 
to the heat evolved by the oxidation of about 2 grams of glucose. If the 
fuel of muscle were exclusively carbohydrate, as some workers still 
believe, the constancy of the glycogen in the fasting rat would be due to 
formation of carbohydrate proceeding at a rate of at least 2 grams per 
100 grams rat per 24 hours. On page 169 it has been calculated that the 
total quantity of carbohydrate which can be derived from protein and 
glycerol is only 0.43 gram per 100 grams rat per 24 hours. Hence, 
fatty acids would have to be the chief source of the newly formed car- 
bohydrate. According to the teaching of those who uphold such a 
view, the conversion of fatty acids to sugar would take place in the liver. 
This sugar would then be transported by the blood stream to the muscles 
where it would form glycogen at the same rate at which the latter is used 
up. Diametrically opposed to such a view is the teaching that fatty 
acids can be used directly in muscle and that their combustion furnishes 
the driving force for the reconversion of lactic acid into glycogen. The 
pro and contra of these two views has been discussed recently by Mac- 
leod (IV), Geelmuyden (195) and by Rapport (VI) and will therefore not 
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be taken up here in detail. It may be stated however that the writer 
is not aware of a convincing experiment which demonstrates the con- 
version of fatty acids to glucose on the liver. 

In the experiments in table 10 the animals were killed 3 hours after 
the insulin injection, i.e., at a time when the blood sugar had nearly re- 
turned to the original level. For this reason the changes in tissue sugar 


TABLE 9 
Glycogen content of rats after 24 and 48 hours of fasting* 
All values calculated per 100 grams of body weight 
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* From Cori and Cori (105). 


TABLE 10 
Carbohydrate balance in fasted rats after insulin injection* 


Values calculated per 100 grams of body weight 
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* From Cori and Cori (114). 


are small. The loss of glycogen of 36 mgm. in 3 hours if calculated for 
30 minutes would be identical with that recorded in Lesser’s experiments 
in mice in table 6. Since the animals had intact adrenals it cannot be 
excluded that a reflex discharge of eprinephrine contributed to the fall 
in muscle glycogen. On the whole the action of insulin in fasted rats is 
not very impressive, which is not surprising in view of the limited amount 
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of carbohydrate available to them. In order to obtain a pronounced 
insulin effect in rats it is either necessary to administer glucose along 
with the insulin or to perform the experiments on animals rich in gly- 
cogen. The former case is realized in the experiments in table 11. 

It is necessary to point out that in the experiments in table 11 the 
animals fed glucose and those receiving insulin in addition had almost 
the same quantity of carbohydrate available; both started out with a 
low glycogen content of liver and muscle, and both absorbed nearly the 
same amount of glucose in the 4 hours which the experiments lasted. 
This leaves only one variable and that is the amount of insulin in the 
body. The question then is, how does the normal animal with the aid 
of its own insulin production dispose of the absorbed glucose and how 
does an excess of insulin over and above that secreted by the pancreas 
influence the utilization of glucose. In the normal animal the glycogen 
content of the liver increases from 0.2 to about 4 per cent corresponding 
to a retention of about 17 per cent of the glucose absorbed in 4 hours. 
Deposition of liver glycogen proceeds very rapidly in the normal animal. 
Can injection of insulin improve this process? The answer is that prac- 
tically no glycogen is deposited in the liver of the insulinized animals. 
From this it follows that nearly 17 per cent of absorbed glucose which is 
normally retained in the liver must be disposed of in some other way. 
Table 11 shows that the loss of glycogen sustained in the liver is approx- 
imately balanced by the additional amount of sugar which is oxidized 
and deposited as glycogen in the rest of the body as the result of the in- 
sulin injection. This explains how the loss of liver glycogen is brought 
about. Obviously, oxidation and glycogen formation in muscle run 
ahead of glycogen formation in the liver, or to put it differently, the 
increased sugar utilization in the muscles of the insulinized animals 
occurs at the expense of liver glycogen. Similar results were obtained 
in adrenalectomized animals (table 11) and the loss of liver glycogen 
cannot therefore be explained by an increased discharge of epinephrine. 
Intensification of the normal insulin effect leads to a shift or transfer in 
the disposal of sugar from the liver to the muscles. 

The results are in agreement with those of Best et al. that insulin in- 
creases Oxidation and storage of glucose in muscle. To this may be 
added that in the eviscerated cat the pancreas is removed in the process 
of evisceration and consequently the injection of insulin is much more 
effective than in the intact animal where the injection is merely super- 
imposed upon the insulin production of the pancreas. Whereas insulin 
injections increase the glucose requirement 3 to 6 times in the eviscer- 
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ated cat, an increase of only 12 per cent has been noted in normal dogs 
(445) and of 20 per cent in rats (98). When insulin is given to the evis- 
cerated cat it is necessary to increase the administration of glucose at 
the same time in order to prevent hypoglycemia and this has actually 
been the practice in most of the experiments of Best et al. Since both 
control and insulinized rats in table 11 had the same amounts of sugar at 
their disposal it was quite impossible for the latter to utilize more sugar 


TABLE 11 
Influence of insulin on carbohydrate balance in rats during 4 hours of glucose 
absorption 
Per 100 parts of absorbed glucose 
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From Cori and Cori,* (96),f (100),t (101). 


than the former, a fact which is apparently not appreciated by Macleod 
(306) because he sees a contradiction in the fact that several grams 
of glucose were utilized in the spinal preparation over and above the 
amount used without insulin injection, while in the white rat the 
amount utilized was practically the same. 

Folin, Trimble and Newman (180) in commenting on the amount of 
absorbed sugar which is accounted for in the experiments in table 11 
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stated: ‘90 per cent must be considered as well within reasonable limits 
of error in such experiments.’ Macleod (306) is however of a differ- 
ent opinion. He believes that the experiments do not disprove his 
hypothesis that some unknown carbohydrate is formed under the influ- 
ence of insulin. He states that loss of sugar through bacterial decompo- 
sition was not taken into consideration and reference is therefore made 
to page 143 where this point is covered. It may be mentioned that if 
such a loss of sugar should occur, this would leave even less room for an 
unknown substance. Secondly, Macleod doubts whether the increase 
in respiratory quotient after the insulin injection should be taken to 
indicate sugar oxidation since changes in the alkaline reserve of the blood 
or a depression of the process of gluconeogenesis might be responsible 
for it. In regard to the former possibility it needs to be emphasized 
that the respiratory quotient is based on a measurement of the respira- 
tory exchange of 4 hours’ duration and that CO, determinations in plasma 
(207) showed no change in the acid-base equilibrium of the blood. <Ac- 
cording to Macleod’s own conception carbohydrate plethora is the one 
condition under which gluconeogenesis is in abeyance and it is therefore 
difficult to see how it could play a réle in these experiments. 

It may be added that the primary object of the experiments in table 
11 was not to disprove the hypothesis of Macleod in regard to the forma- 
tion of an unknown substance but to study the action of insulin. That 
Macleod’s hypothesis could not be sustained was only an incidental 
finding. If insulin injections would really cause a disappearance of 
sugar on account of transformation into an unrecognized form, less 
sugar should be accounted for in the experiments with insulin than in 
those without it. No indication of this was found, the amount recov- 
ered being substantially the same in both cases. 

The method is capable of improvement and it is possible that more 
than 90 per cent of the disappearing sugar could be recovered. At pres- 
ent the chief source of error is not to be found in any of the factors men- 
tioned by Macleod but in the glycogen determination. A loss of gly- 
cogen occurs in the time elapsing between killing of the animal and 
placing of the tissues of the entire rat into the boiling potash solution. 
With the present technique this is unavoidable and all that can be aimed 
at is to standardize the procedure in such a way that the loss of glycogen 
is of about the same magnitude in each experiment. To what extent 
this has been accomplished is shown in table 9. In order to find out how 
much glycogen is actually lost, lactic acid determinations were carried 
out in the tissues of 6 entire rats (unpublished). The conditions were 
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the same as in the experiments in table 9, except that the tissues were 
introduced into boiling water instead of potash solution. The water 
extract was precipitated according to Folin-Wu and interfering sub- 
stances were removed by copper sulfate and lime. An average lactic 
acid content of 86 mgm. per 100 grams rat was found. Assuming that 
the resting lactic acid value is 10 mgm. per 100 grams muscle or 50 mgm. 


TABLE 12 
Influence of insulin and epinephrine on carbohydrate balance in rats in post- 
absorptive state* 


Values calculated per 100 grams of body weight 
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* From Cori and Cori (106). 


per 100 grams rat, one arrives at a loss of 36 mgm. of glycogen. This 
does not represent the total loss of glycogen, however, since it has been 
found that a considerable amount of hexosephosphate accumulates 
under these conditions of sampling the tissues. When the glycogen 
content of the tissues is high at the time of analysis, the loss of glycogen 
may be still larger and this is probably the chief reason why only 90 per 
cent of the absorbed sugar could be accounted for in the experiments in 
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table 11. It is intended to repeat the glucose recovery experiments 
some time in the future using crystalline insulin for the injection, and 
to introduce such refinements in the technique that the above source 
or error is reduced to a minimum. 

In order to study the effect of insulin in animals with good glycogen 
stores, the following procedure was adopted. An amount of glucose 
which is completely absorbed in 4 hours was fed and the respiratory me- 
tabolism measured during this period. Insulin was injected at the ter- 
mination of glucose absorption and the respiratory metabolism meas- 
ured during the next 3 post-absorptive hours. Then the animals were 
killed and the glycogen determined in liver and rest of body. The 
amount of glycogen retained during the 4 hours of glucose absorption is 
found by subtracting the amount of glucose oxidized from 90 per cent 
of the amount fed (90 per cent being the average amount of absorbed 
glucose accounted for in table 11). The control animals in table 11 fur- 
nish the distribution factor of glycogen between liver and rest of body. 
The determination of the respiratory exchange during the 3 post- 
absorptive hours made it possible to strike a balance between the loss of 
glycogen on the one hand and the amount of carbohydrate oxidized on 
the other hand. Experiments of this type are shown in table 12. The 
control animals which received an injection of salt solution lost 49 mgm. 
of glycogen from the liver, 167 mgm. from the rest of the body and 22 
mgm. of sugar from the tissues, a total of 238 mgm. of carbohydrate. 
This compares well with the carbohydrate oxidation of 220 mgm. as 
calculated from the non-protein respiratory quotient. In the insulin- 
ized animals the agreement between the total amount of carbohydrate 
which disappears and the carbohydrate oxidized is fairly satisfactory. 
It will be noted that in these post-absorptive animals with high glycogen 
stores an excess of insulin doubled the rate of carbohydrate oxidation. 
This increased oxidation occurred mainly at the expense of liver glycogen 
which disappeared nearly 3 times more rapidly than in the control ani- 
mals. In contrast to this muscle glycogen was not drawn upon to a 
much larger extent than in the control animals. There is of course the 
possibility that insulin accelerated the oxidation of muscle glycogen and 
at the same time increased the rate of glycogen formation from blood 
sugar in muscle. The other alternative is that blood sugar did not pass 
through a glycogen stage but was oxidized directly in muscle. The end 
effect is the same, i.e., liver glycogen is called upon to replenish the blood 
sugar which is withdrawn in increased amounts by the muscle. 

Apart from increased storage and oxidation of glucose in muscle there 
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is still another effect which is ascribed to insulin and this is a restriction 
of gluconeogenesis in the liver. For those to whom a transformation of 
fat to sugar has not yet been demonstrated this can have little meaning 
while it is of paramount importance to those who believe in the “over- 
production theory” of diabetes. It is true that insulin reduces the pro- 
tein metabolism from its high level in the diabetic animal but this may 
be secondary to the increase in carbohydrate oxidation. In the norma] 
fasting animal insulin does not reduce nitrogen excretion, on the con- 
trary, it leads to an increased excretion, as Milhorat and Chambers 
(335) have shown. 


TABLE 13 
Carbohydrate balance in fasted rats after epinephrine injection* 


Values calculated per 100 grams of body weight 
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* From Cori and Cori (105). 





19. CARBOHYDRATE BALANCE AFTER EPINEPHRINE INJECTIONS. @. 
Changes in glycogen distribution. In the same way as in the experiments 
with insulin, the influence of epinephrine was investigated on fasting 
rats (105), on rats in the post-absorptive state (106), and on rats during 
glucose absorption (107). 

The changes in the distribution of glycogen in fasting rats 3 hours 
after a subcutaneous injection of epinephrine are shown in table 15. 
It will be noted that the glycogen of the liver increased by 36 mgm. 
while in the rest of the body it diminished by 57 mgm. ‘The fact that 
the blood sugar rose after the injection indicates that not only a new 
formation but also mobilization of liver glycogen had taken place. Cal- 
culating the extent of the latter from the rise in blood sugar and adding 
it to the value of the former one finds that 45 mgm. or about 80 per cent 
of the glycogen disappearing from the “rest of the body” (chiefly mus- 
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cles) is accounted for. What is left (12 mgm.) is such a small amount 
that it might have undergone oxidation without causing a detectable 
change in the respiratory quotient. 

In rats in the post-absorptive state (table 12) preformed glycogen 
undergoes oxidation (R. Q. 0.83) and the liver glycogen is high (5 to 6 
per cent) at the time of the epinephrine injection. Nevertheless, the 
changes are the same as in fasting animals, i.e., the disappearance of 
musele glycogen is accelerated and there occurs an accumulation of 
liver glycogen. Here again the muscle glycogen which disappears under 
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Fig. 1. Effect of a non-glyeosurie dose of epinephrine on liver glycogen, blood 
sugar and blood lactic acid of rats. (On the basis of other experiments the maximal 
possible rate of glycogen formation in the liver of the rat was calculated to be 80 
mg. per hour. From this and from the actual glycogen content of the liver after 
|! hour the maximal possible rate of glycogenolysis has been calculated. From 
Cori, Cori and Buchwald, (119). 


the influence of epinephrine is almost entirely accounted for a, by the 
increase in liver glycogen; b, by the increase in blood and tissue sugar, 
and ¢, (in contrast to the fasted animals) by the amount of glycogen 
oxidized in excess over that in the control animals. 

Reference has already been made to the fact that in the rat and rabbit 
and probably in other species as well one has to distinguish between a 
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negative and a positive hepatic phase. Three hours after subcutaneous 
injection of epinephrine the rat is already in the positive phase, i.e., the 
liver glycogen has risen above the original value and table 12 represents 
the carbohydrate balance for that period. The transformations taking 
place at earlier periods of epinephrine action and leading finally to the 
changes shown in table 12 are represented graphically in figure 1. In 
the first 15 minutes there occurs a sharp rise in blood sugar and lactic 
acid and a drop in liver and muscle glycogen. (The latter was ascer- 
tained in other experiments (121) and is therefore not included in the 
graph.) The diminution in liver and muscle glycogen is more than 
sufficient to account for the increase in blood sugar and lactie acid tak- 
ing place in the first 15 minutes. Between 15 and 60 minutes the blood 
sugar continues to rise indicating additional mobilization of liver 
glycogen, but this mobilization is no longer reflected in the curve in 
figure 1 because at the same time a new formation of liver glycogen 
more rapid than glycogen mobilization takes place. 

The rate of sugar formation in the liver of the rat after subcuta- 
neous injection of epinephrine is relatively low. In the first 15 minutes 
this rate was calculated to be 116 mgm. per 100 grams rat per hour 
(fig. 1). Thisis by no means a large amount of sugar to be taken care 
of by the tissues of the rat. During glucose absorption these animals 
utilize 250 mgm. of sugar per hour for several hours; they are able 
therefore to use twice as much sugar as is coming from the liver in the 
first 15 minutes of epinephrine action. Between 15 and 60 minutes the 
rate of sugar formation in the liver was calculated to be only 50 mgm. 
per hour (fig. 1). Since even these small amounts of sugar which are 
set free in the liver lead to a prolonged hyperglycemia, utilization of 
sugar in the tissues of animals injected with epinephrine cannot pro- 
ceed as rapidly as in normal uninjected animals. 

In the rat the changes in glycogen distribution after subcutaneous 
injection of epinephrine occur much more rapidly than in the rabbit and 
the decrease in muscle glycogen, increase in blood lactic acid and sub- 
sequent rise in liver glycogen are not nearly so impressive as in the lat- 
ter species. The experiments in figure 2, while not representing a car- 
bohydrate balance, are particularly illustrative of the magnitude of the 
changes in liver and muscle glycogen of rabbits and they are the most 
complete on record as far as time relations are concerned. In the paper 
of Sahyun and Luck (388), from which the data for the construction of 
the curves in figure 2 were taken, liver and muscle glycogen are expressed 
in per cent. Since the liver constitutes about 4 and the muscles about 
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50 per cent of the body weight of rabbits, the actual quantities of gly- 
cogen lost or gained in these tissues are not clearly demonstrated by this 
procedure. This made it desirable to recalculate the values of Sahyun 
and Luck and we took the liberty of doing so in a previous paper (119). 
While this procedure seems justified in the case of the liver where the 
multiplication factor is small, a few words of explanation are needed in 
the case of the muscle. It has been shown in the experiments of Best, 
et al. (29) that changes in glycogen observed in 4 separate muscles of 
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Fig. 2. Changes in liver and muscle glycogen of rabbits after subcutaneous 
injection of 1 mg. of epinephrine. (From Sahyun and Luck, 3838.) 


the hind limb of cats represent fairly accurately the changes in glycogen 
in the entire musculature. Since in the experiments of Sahyun and 
Luck glycogen was determined in only one pair of muscle, the calculation 
of the glycogen change for the whole muscle mass of the body is less 
accurate. On the other hand, if one considers that this calculation 
brings out the fact, shown in figure 2, that in the first hour of epinephrine 
action 17 times as much glycogen disappears from the muscles than 
from the liver, even a considerable error in this calculation cannot off- 
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set the significance of this fact. It means that the immediate action of 
epinephrine on muscle is far more important from a quantitative stand- 
point than the action on the liver. 

Though the liver glycogen falls for 13 hours (fig. 2), the amounts of 
glycogen which disappear from the liver are small in comparison to the 
amounts of sugar a normal rabbit can utilize. According to Woodyatt 
et al. (450) 0.9 gram of glucose per kilo per hour injected intravenously 
will not produce glycosuria in the rabbit, while in the experiments in 
figure 2 a marked hyperglycemia of several hours’ duration and glycosu- 
ria developed though there were only 0.16 gram of liver glycogen per 
kilo present to start with. It needs hardly to be pointed out that these 
amounts of liver glycogen are utterly insufficient to account for the 
large amount of sugar which appears in the blood (and urine) in response 
to the epinephrine injection. This makes it necessary to assume that a 
new formation of liver glycogen takes place and since more than 4 grams 
of muscle glycogen are “‘mobilized”’ in the first hour there is ample ma- 
terial available for such a new formation. As in the rat, liver glycogen 
is formed in excess over that mobilized so that there occurs a progressive 
rise of hepatic glycogen. But new formation and mobilization of liver 
glycogen are not enough, a third factor is necessary to account for the 
sustained rise in blood sugar and this is a diminished utilization of glu- 
cose in the extrahepatic tissues. The arguments in favor of the latter 
assumption are presented later. 

In essence, then, the rat and the rabbit behave in the same way the 
only important difference being the time factor. Whereas in the rabbit 
the liver glycogen continues to rise up to the 18th hour, this rise does 
not go much beyond the tbird hour in the rat, at least not with the doses 
of epinephrine used. This time difference is partly due to the fact that 
less muscle glycogen disappears in the rat than in the rabbit, partly to a 
more rapid disposal of the lactic acid in the former species. In conse- 
quence it is possible to obtain in the rat a satisfacory balance between 
muscle glycogen ‘“‘lost’’ and ‘‘accounted for’ as early as 3 hours after the 
injection (tables 12, 13) while it would obviously be necessary to wait a 
much longer time if such a balance were attempted in the rabbit. 

At an early period of epinephrine action there exists in the rat and rab- 
bit a marked discrepancy between muscle glycogen lost and accounted 
for. If all the muscle glycogen which disappears in the first hour in 
figure 2 were immediately converted to lactic acid and if the latter were 
to distribute itself in 50 per cent of the body weight, the blood lactic acid 
would rise to 400 mgm. per cent. The average increase in blood lactic 
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acid actually observed at this time was only 70 mgm. per cent and this 
accounts for only 16 per cent of the glycogen which disappears from the 
muscle. Eighteen hours after the epinephrine injection the total gain 
in liver glycogen in Sahyun and Luck’s rabbits amounted to 1.9 grams. 
To this should be added the sugar excreted in the urine (which was un- 
fortunately not recorded and which might easily have amounted to 1 
gram or more) so that it may be assumed that considerably more than 


TABLE 14 
Carbohydrate balance on eviscerated spinal cat after epinephrine injection* 
Weight of cat 3.25 kgm. Weight of liver 75 grams. Glucose plus epinephrine 
was injected intravenously for 2 hours. A total of 2.25 mgm. of epinephrine was 


administered. Five different muscles and liver sample were taken before and 
after the injection. 





Glucose injected 0.74gm. Glucose oxi- 
dizedt 2.09 gm. 
Fall in mus- 0.852 Rise in muscle 0.102 
cle glycogen 0.574 lactic acid 0.139 
0.278 X 16 4.45 gm. 0.037 X 16 0.59 gm. 
Fall in blood 0.262 Rise in muscle 0.166 
sugar 0.234 sugar 0.196 
0.028 X 2 0.06 gm. 0.030 X 16 0.48 gm. 
Glucose from 3.50 Rise in blood 0.137 
liver 3.26 lactic acid 0.196 
0.24 0.75 0.18 gm. 0.059 K 2 0.12 gm. 
Total carbohydrate disap- Total carbohydrate ac- 
es sk Shc Sed cde 5.43 gm. counted for............. 3.28 gm. 


= 60.4 per cent 





* From Corkill and Marks (132). 
T 1570 ec. Oo, R.Q. 1.00. 


50 per cent of the muscle glycogen which disappeared was eventually 
converted to liver glycogen with lactic acid as an intermediary stage. 
At least, lactic acid is, as far as is known, the only form in which a trans- 
port of glycogen from muscle to liver can be effected. 

In view of these results it seemed possible that the initial discrepancy 
between disappearing muscle glycogen and gain in lactic acid in rats as 
well as in rabbits was due to the accumulation of a lactic acid precursor 
in muscle. An increase in hexosephosphate, which is now definitely 
recognized as a precursor of lactic acid, has actually been observed in 
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rat muscle after epinephrine injections (table 4). By including it in the 
balance about 85 instead of only 40 per cent of the disappearing muscle 
glycogen is accounted for half an hour after the injection in the rat. 
Whether or not hexosephosphate is the only intermediary between 
glycogen and lactic acid accumulating under these conditions has not 
yet been ascertained. 

Corkill and Marks (132) found in experiments on eviscerated cats 
that the sum of lactic acid formed and carbohydrate oxidized is sub- 
stantially less than the total carbohydrate (chiefly muscle glycogen) 
which disappears during 2 hours of epinephrine action. This is illus- 
trated in table 14. Losses of similar magnitude were encountered in 7 
other experiments of this type. Corkill and Marks depict their findings 
thus: 


Muscle glycogen 


Unknown product | 
of carbohydrate | 
u 


Lactic acid 


They assume that their deficit is due to the formation of an unknown 
product which is not on the normal path of degradation of muscle glyco- 
gen and they argue that insulin and epinephrine acting together, the 
former depositing muscle glycogen and the latter changing it in part to 
lactic acid and in part into this unknown form, must eventually lead to a 
conversion of most of the muscle glycogen into this unknown substance. 
In the intact animal insulin injections leading to an increased output of 
epinephrine from the adrenal medulla might thus lead to an untraceable 
loss of carbohydrate. According to our analysis the above scheme 
should have the following form: 


Muscle glycogen —» Hexosephosphate — Lactic acid 
and __ possibly 
other interme- 
diary products 


As stated before, no evidence has been obtained for an untraceable 
loss of muscle glycogen, when epinephrine was injected into intact 
animals (see tables 12, 13 and 15). There is therefore no reason to 
suppose that epinephrine discharged in response to insulin hypoglycemia 
should have this effect. 

b. Diminished utilization of blood sugar. Until recently it was taught 
that epinephrine causes hyperglycemia because such an excess of sugar 
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is formed in the liver that the capacity for sugar utilization in the tissues 
is exceeded. The validity of this overproduction theory can be tested 
by determining the amount of glucose which has to be supplied to a 
normal animal in order to produce a hyperglycemia of similar magnitude 
and duration as that resulting from a subcutaneous injection of epineph- 
rine. In the experiments in figure 1, the blood sugar rose to a value 
above 200 and the hyperglycemia persisted for 3 hours after the epineph- 
rine injection. When amytalized rats received a continuous intrave- 
nous injection of 250 mgm. of glucose per 100 grams per hour, the blood 
sugar generally remained at a level close to 200 mgm. per cent (98). 
Can the liver supply such quantities of sugar from preformed glycogen? 
In the experiments in figure 1 which lasted 3 hours a sugar production of 
the liver of 750 mgm. would be required on the basis of the overproduc- 
tion theory. This presupposes an initial glycogen content of the liver 
of 20 per cent and a complete mobilization of this glycogen. Actually 
there were only 83 mgm. or 2.4 per cent present to start with and there 
occurred an increase and not a decrease in liver glycogen. If not from 
preformed glycogen, the liver could supply the required large amounts 
of sugar if a new formation of glycogen occurred at a rate equalling that 
of mobilization. A new formation of liver glycogen from blood lactic 
acid (and blood sugar) takes place during epinephrine action but the 
rate of this process, as shown in figure 1, is at the most 80 mgm. per hour 
and therefore falls short of the required 250 mgm. per hour. Protein, on 
the basis of the observed nitrogen excretion and assuming a conversion 
factor of 3.65, could supply only 11 mgm. per hour. There remain the 
fatty acids, but in the opinion of the writer there is no satisfactory evi- 
dence available to show that they can be converted to liver glycogen. 
Finding the sources for overproduction insufficient, one is forced to 
conclude that an epinephrine hyperglycemia of 3 hours’ duration cannot 
be caused solely by this process. 

The same conclusion was reached in experiments on rabbits (111). 
The blood sugar curve was determined after subcutaneous injection of 
0.2 mgm. of epinephrine per kilo; a hyperglycemia of more than 4 hours’ 
duration and blood sugar values between 300 and 400 mgm. per cent 
were observed. It was then attempted to reproduce this blood sugar 
curve by intravenous injection of glucose and it was found that more 
than 2.5 grams per kilo per hour was required to accomplish this. As in 
the case of the rat it can easily be demonstrated that such large amounts 
of sugar cannot have their source in preformed liver glycogen. 

What is, then, the mechanism of epinephrine hyperglycemia? The 
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only possibility left is the one which has been mentioned before, namely, 
that the animals injected with epinephrine are unable to utilize glucose 
at the same rate as the normal uninjected animals. In this case sugar 
formation in the liver proceeding at a comparatively slow rate could 
still produce hyperglycemia and the latter could persist for several hours 
because under these conditions new formation of liver glycogen from 
lactic acid would be rapid enough to counterbalance glycogen mobiliza- 
tion. Some direct evidence for a decreased utilization of glucose in the 
tissues, especially in muscle, has been obtained in experiments on men 
and animals by comparing the difference in arterial and venous blood 
sugar concentration before and after epinephrine injection (section 11). 
Carbohydrate balance experiments on rats during absorption of glucose 


TABLE 15 
Influence of epinephrine on carbohydrate balance in rats during 4 hours of glucose 
absor ption* 
Per 100 parts of absorbed glucose 





DEPOS- DEPOS- RE- | 


NUM TED as [ITED AS |TAINED | EX- PER 

BEROF| OXI- || ver GLYco-| IN (CRETED | CENT 
ANI- DIZED GLYCO- GEN IN TISSUES | IN RECOV- 
MALS REST OF|(CALCU-| URINE | ERED 


GEN | sopy | LATED) | 





| | 
per cent | per cent | per cent | per cent | per cent | per cent 
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* From Cori and Cori (107). 


from the alimentary tract offer further evidence (107). They have the 
advantage that the amount of sugar entering the blood is known and is 
very large in comparison to what could come from the liver. Their 
disadvantage is that the large influx of sugar into the blood stimulates 
insulin secretion. The results which are shown in table 15 can be ana- 
lyzed in the following way. Per 100 parts of absorbed glucose the ani- 
mals injected with epinephrine formed 10 parts less glycogen in the body 
(without the liver) and oxidized 5 parts less glucose than the control 
animals. This leaves 15 parts of absorbed sugar which fail to be uti- 
lized in the muscles and other tissues. Six parts of these 15 parts were 
excreted in the urine, 5 parts were stored in excess in the liver and 3 
parts were retained as such in blood and tissues, leaving one of these 15 
parts unaccounted for. Reference has already been made to the obser- 
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vation of Colwell and Bright (82) that glucose plus epinephrine admin- 
istered for several hours to amytalized cats eventually results in a 
complete suppression of carbohydrate oxidation. These experiments 
show that hyperglycemia and glycosuria of animals supplied with glu- 
cose plus epinephrine is due to a diminished utilization of blood sugar in 
the tissues. 

Mann (310) and Soskin (403) state that epinephrine injections do not 
seem to retard the fall in blood sugar which takes place in hepatecto- 
mized dogs when no glucose is given. Since the fall in blood sugar ex- 
tends over several hours and varies greatly from dog to dog and since 
the amount of sugar which disappears from the blood is very small 
(about 12 mgm. per 100 ce., on an average), an inhibition which is less 
than 100 per cent might easily escape attention. But apart from this, 
it has to be considered that ether anesthesia and a major abdominal 
operation to which the dogs are subjected incidental to the removal of 
the liver and pain after the operation are factors which are known to 
evoke an increased discharge of epinephrine from the adrenals. The 
rapid decrease in muscle glycogen in hepatectomized dogs (Bollman 
et al., 42) also points to increased epinephrine secretion, especially when 
it is remembered that in the eviscerated cat (in which the adrenals are 
removed) the muscle glycogen remains unchanged according to Best, 
Hoet and Marks (29) even if the blood sugar is allowed to fall to a hypo- 
glycemic level. The absence of an effect of injected epinephrine on the 
fall in blood sugar in hepatectomized dogs would therefore not be 
surprising. 

Experiments testing the effect of epinephrine in surgically hepatec- 
tomized (and adrenalectomized) animals during continuous intravenous 
injection of large amounts of glucose have so far not been made, so that 
the question as to whether or not epinephrine diminishes utilization of 
blood sugar after removal of the liver must be left open. 

From experiments on functionally hepatectomized animals made by 
Cori and Cori (115) and by Bischoff and Long (31) conclusions can only 
be drawn with certain reservations. The former authors used rats in 
which the portal vein had been subtotally ligated in a preliminary oper- 
ation. After establishment of a collateral circulation the animals were 
anesthetized with amytal and a mass ligature was made around the 
hepatic pedicle. It may be assumed that under these conditions the 
liver function was greatly restricted but not completely abolished. 
Without glucose injection many of these animals developed hypogly- 
cemia. In 10 control animals operated in this manner and receiving an 
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intravenous injection of 100 mgm. of glucose per 100 grams rat per hour, 
the average blood sugar was 134 (maximum 166, minimum 96). When 
epinephrine was injected, the average blood sugar in 10 experiments was 
246 mgm. per 100 ce. (maximum 330, minimum 202). The significance 
of this result is somewhat vitiated by the fact that amytal greatly en- 
hances the depressive action of epinephrine on glucose utilization. 
The blood lactic acid rose considerably after the injection, showing 
that epinephrine had its usual effect on muscle glycogen in these func- 
tionally hepatectomized animals. Bischoff and Long poisoned rabbits 
with guanidine derivatives and waited until hypoglycemia developed. 
At that stage the liver is practically free of glycogen and is unable to 
form it from injected glucose. Yellow atrophy of the liver and inability 
to deaminize has also been reported. Epinephrine, when injected 
alone, no longer produced hyperglycemia though it caused an increase 
in blood lactic acid. The latter apparently could not be converted to 
liver glycogen and subsequently to blood sugar. Muscle function was 
less affected since injected glucose was utilized and stored as glycogen 
and since insulin increased the utilization of glucose. Administration 
of glucose plus epinephrine in such animals resulted in a more pro- 
nounced rise in blood sugar than administration of glucose alone, thus 
giving a positive result. 

Colwell and Bright (82) favored the possibility that the decreased 
utilization of blood sugar during epinephrine action is due to a suppres- 
sion of insulin secretion by the pancreas. Zunz and LaBarre’s (454) 
results are opposed to this conception since with their cross-transfusion 
technique they found that more insulin was secreted after epinephrine 
injection, but Corkill and Marks’ (132) results seem to sustain it. Evis- 
cerated cats, i.e., animals without liver and pancreas, received an insulin 
injection during continuous intravenous injection of glucose plus epi- 
nephrine. The fall in blood sugar was in no way arrested, as judged 
from the effects on blood sugar produced by the same dose of insulin in a 
control animal. 

The following unpublished experiments on eviscerated rats under 
amytal anesthesia also fail to settle this problem. Glucose was in- 
jected intravenously at a rate of 100 mgm. per 100 grams rat per hour, 
and in one group insulin and in another insulin plus epinephrine was 
injected subcutaneously at the start of the glucose injection. Blood 
sugar was determined after 1 hour. In 18 experiments in which 0.1 
to 0.4 unit of insulin was given the blood sugar ranged from 61 to 159 
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with an average of 106 mgm. percent. In 20 experiments with the same 
doses of insulin plus 0.02 to 0.07 mgm. of epinephrine the blood sugar was 
8 times within the range observed after the injection of insulin alone 
and 12 times it was definitely higher, ranging from 176 to 317 mgm. 
per cent, the average for the whole group being 173 mgm. per cent. 
In an attempt to elucidate the reason for these divergent results experi- 
ments of the same type were performed on intact animals with a low 
glycogen content of the liver and here, too, variable results were ob- 
tained after injection of both hormones. Sometimes epinephrine was 
definitely antagonistic, sometimes its effect was so weak as to be of 
doubtful significance. These observations lead us to believe that there 
is only a narrow range of dosage of insulin over which epinephrine can 
exert its antagonistic effect. Owing to the removal of the pancreas it 
is necessary to inject insulin into the eviscerated preparation, otherwise 
the utilization of glucose is too small, but unfortunately the magnitude 
of the insulin effect is not the same in different animals. If it were 
possible to supply insulin to depancreatized and hepatectomized animals 
in such a way as to imitate the conditions of insulin secretion existing 
in the intact animal, the problem of peripheral versus ‘‘pancreatic”’ 
antagonism could easily be settled. 


In conclusion a few words may be said about the basic action of 
epinephrine and insulin. All attempts to find biologically significant 
test tube reactions of the two hormones have been unsuccessful. It is 
very difficult and more often than not impossible to demonstrate their 
action on isolated surviving tissues. Acceleration of glycogenolysis 
in all cells is possibly the primary effect of epinephrine. The calorigenic 
action, rise in blood sugar and lactic acid, temporary rise in respiratory 
quotient and other actions may be regarded as secondary or tertiary 
effects of the glycogenolysis. A theory, built on experimental evidence, 
as to the actual mechanism of acceleration of glycogenolysis, has been 
advanced by Lesser. 

An increase in the rate of oxidation of blood sugar in the tissues and 
of conversion of blood sugar to muscle glycogen and inhibition of hepatic 
glycogenolysis seem to be well established effects of insulin. But 
is any of these the basic effect—or are all three? This problem remains 
unsolved. The discovery of insulin by Banting and Best may yet 
prove to be a valuable tool in the search for the path of sugar oxidation 
in the animal cell. 











252 CARL F. CORI 


BIBLIOGRAPHY 


I. Lesser, E.J. Die innere Sekretion des Pankreas. Oppenheimer’s Handb. 
d. Biochem., 1924, ix, 159. 
. Lusx, G. The science of nutrition. Philadelphia and London, 1928. 
III. Macueop, J.J. R. Carbohydrate metabolism and insulin. London, 1926. 
IV. Macteop, J.J.R. The fuel of life. Princeton Univ. Press, 1928; Ergebn. 
Physiol., 1930, xxx, 408. 
V. Meyeruor, O. Die chemischen Vorgiinge im Muskel. Berlin, 1930. 
VI.-Rapport, D. The interconversion of the major foodstuffs. Physiol. 
Rev., 1930, x, 349. 
VII. Ricuarpson, H. B. The respiratory quotient. Physiol. Rev., 1929, ix, 
61. 
V VII. SHaFFer, P. A. Intermediary metabolism of carbohydrates. Physiol. 
Rev., 1923, iii, 394. 
IX. Straus, H. Pankreas. Bethe’s Handb. Norm. Path. Physiol., 1930, xvi, 
557. 
X. TRENDELENBURG, P. Adrenalin und adrenalinverwandte Substanzen. 
Heffter’s Handb. Exp. Pharmakol., 1924, ii, 1130. 
XI. TRENDELENBURG, P. Die Hormone. Berlin, 1929. 
XII. Warsurc, O. Uber den Stoffwechsel der Tumoren. Berlin, 1926. 
XIII. WHetuHam, M. D. The origin of acetaldehyde in bacterial and animal 
metabolism. Austral. Journ. Exp. Biol. Med. Sci., 1927, iv, 35. 


(1) Ase, Y. Das Verhalten der Adrenalinsekretion bei der Insulinvergiftung. 
Arch. Exp. Path. Pharm., 1924, ciii, 73. 
(2) ABEeLInN, J. Untersuchungen iiber den Kohlehydratstoffwechsel der iiber- 
lebenden den Kaninchenleber. Biochem. Zeitschr., 1916, lxxiv, 248. 
(3) ABeuiIn, J. Beitrag zur Kenntnis der physiologischen Wirkung der pro- 
teinogenen Amine. Biochem. Zeitschr., 1922, exxix, 1. 
(4) Autoren, G. Zur Kenntnis der tierischen Gewebsoxydation. Lund, 1925. 
(5) Auuan, F. N., B. R. Dickson anp J. Markowitz. The relationship of 
phosphate and carbohydrate metabolism. II. Amer. Journ. Physiol., 
1924, lxx, 30. 
(6) Ammon, R. Zur Permeabilitit iiberlebender tierischer Membranen. Bio- 
chem. Zeitschr., 1928, cxevi, 441. 
(7) AnpErRson, A.B. anp M.D. Anprrson. The effect of adrenaline on ketosis 
in phloridzinized and normal rats. Biochem. Journ., 1927, xxi, 1398. 
(8) Artyama, N. Formation of methylglyoxal from hexose phosphate in the 
presence of tissues. Journ. Biol. Chem., 1928, lxxvii, 395. 
(9) Aus, J. C., E. M. Bricut anp J. Forman. Metabolic effect of adrenalec- 
tomy upon the urethanized cat. Amer. Journ. Physiol., 1922, lxi, 349. 
(10) Aucuinacuig, D.H., J. J. R. Macteop anp H. E. Macer. Quoted from 
Maceg, Physiol. Rev., 1930, xxx, 473. 
(11) Aupowa, A. anp R. Waener. Beitrag zur Kenntnis der Insulinwirkung. 
Klin. Wochenschr., 1924, iii, 231. 
(12) Baskin, B. P. Influence of insulin on formation of glycogen. Brit. Journ. 
Exp. Path., 1923, iv, 310. 





4" 








4“ 








CARBOHYDRATE METABOLISM 253 


(13) Bakker, A. Ubereinstimmungen in Stoffwechsel der Carcinomzellen und 
Exsudatleukocyten. Klin. Wochenschr., 1927, vi, 252. 

(14) Bantinea, F. G., C. H. Brest, J. B. Couture, J. J. R. Macteop ann E. C. 
Nose. Preliminary studies of the physiological effects of insulin. 
Trans. Roy. Soc. Canada 1922, Section v, xvi, 39. 

(15) Bantine, F. G. anp S. Garrns. Factors influencing the production of 
insulin. Amer. Journ. Physiol., 1924, Ixviii, 24. 

(16) Bargpour, A. D., I. L. Cuarxorr, J. J. R. Mactgop anp M. D. Orr. In- 
fluence of insulin on liver and muscle glycogen, etc. Amer. Journ. 
Physiol., 1927, Ixxxviii, 243. 

(17) Barsour, A. D. Enzymatic hydrolysis of glycogen. Journ. Biol. Chem., 
1929, Ixxxv, 29. 

(18) Barr, D. P., E. Ronzoni anp J. GLASER. Studies on the inhibitory action 


of an extract of pancreas upon glycolysis. II. Journ. Biol. Chem., 
1928, Ixxx, 331. 


(19) Baur, H., R. Kunn anp R. Hecxscuer. IV. Einfluss des Insulins auf den 
Milchsaiuregehalt und die Wasserstoffzahl des Blutes. Zeitschr. 
physiol. Chem., 1924, ecxli, 68. 

(20) Barron, E. 8. G. Catalytic effect of methylene blue on the oxygen con- 
sumption of tumors and normal tissue. Journ. Exp. Med., 1930, lii, 447. 

(21) Beatriz, F. anp T. H. Mitroy. The réle of phosphates in carbohydrate 
metabolism in skeletal muscle. Journ. Physiol., 1926-27, lxii, 174. 

(22) Beartiz, F. J. R.,M.K. Bearriz anp T.H.Mitroy. Effects produced by 
unilateral lumbar sympathectomy. II. Journ. Physiol., 1930, Ixix, 
364. 

(23) Benepict, F. G. anp J. M. Perkix. Metabolism studies on the wild rat. 
Amer. Journ. Physiol., 1930, xciv, 662. 

(24) Benepict, 8. R. Determination of blood sugar. II. Journ. Biol. Chem., 
1928, Ixxvi, 457. 

(25) Benepicr, 8. R. anp E. B. Newron. I. Glutathione and thioneine in 
blood. Journ. Biol. Chem., 1929, lxxxiii, 361. 

(26) BernuarD, F. Einfluss des Insulins auf den Zuckerumsatz der herausge- 
schnittenen Rattenleber. Biochem. Zeitschr., 1925, clvii, 396. 

(27) Bernuarp, F. Glykogen- Glucose- und Milchsiuregehalt in gut- und 
bésartigen Tumoren. Klin. Wochenschr., 1928, vii, 1184. 

(28) Best, C. H. anp J. H. Rrpour. Observations on blood lactic acid after 
insulin. Journ. Biol. Chem., 1925, lxiii, 197. 

(29) Brest, C. H., J. P. Horr anp H. P. Marks. Fate of the sugar disappearing 
under the action of insulin. Proc. Roy. Soc. 1926, B’c, 32. 

(30) Best, C. H., H. H. Dats, J. P. Homr ann H. P. Marks. Oxidation and 
storage of glucose under the action of insulin. Proc. Roy. Soc. 1926, 
B, ex, 55. 

(31) Biscnorr, F. anpDM.L. Lone. Studies in carbohydrate metabolism follow- 
ing guanidine deglycogenation. Journ. Nutr., 1930, iii, 201. 

(32) BisstncEeR, E., E. J. Lesser anp K. Zier. Mechanismus der Insulin- 
wirkung. Klin. Wochenschr., 1923, ii, 2233. 

(33) Bissincer, E. anp E. J. Lesser. Kohlehydratstoffwechsel der Maus nach 


Injektion von Zuckerlésungen und Insulin. III. Biochem. Zeitschr., 
1926, elxviii, 398: 








254 CARL F. CORI 


(34) Bisstncer, E. Fillung des Traubenzuckers nach Salkowski-Van Slyke. 
Biochem. Zeitschr., 1926, clx, 421. 
(35) BuarHerwick, N.R., N. Bett anp E. Hitt. Some of the effects of insulin 
‘on the carbohydrate and phosphorus metabolism of normal individuals. 
Journ. Biol. Chem., 1924, Ixi, 241. 
(36) BuaTHerwick, N.R.anpM.Sauyun. Influence of epinephrine and insulin 
upon the distribution of glycogen. Journ. Biol. Chem., 1929, Ixxxi, 123. 
(37) Burx, G. Zur Frage der Spezifizitat der Insulinwirkung. Skand. Arch. 
Physiol., 1926, xlvii, 292. 
(38) Bopry, M. G., H. B. Lewis anp J. F. Huser. Absorption and utilization 
of inulin as evidenced by glycogen formation in the white rat. Journ. 
Biol. Chem., 1927, Ixxv, 715. 
(39) Bopo, R. anp H. P. Marks. Action of insulin on the perfused mammalian 
liver. Journ. Physiol., 1928, Ixv, 48. 
(40) Botiicer, H. anp F.H. Hartman. Observations on blood phosphates as 
related to carbohydrate metabolism. Journ. Biol. Chem., 1925, lxiv, 
91. 
(41) Botiiger, H. anp F.H. Hartman. Einfluss von Insulin auf die Phosphor- 
sdiure des Blutes und des Urins. Zeitschr. ges. exp. Med., 1928, lix, 717. 
(42) Botuman, J. L., F. C. Mann anp T. B. Macaru. XII. Muscle glycogen 
following total removal of the liver. Amer. Journ. Physiol., 1925. 
Ixxiv, 238. 
(43) Botuman, J. L., F. C. Mann anno T. B. Maacatu. XV. Effect of total 
removal of the liver on deaminization. Amer. Journ. Physiol., 1926. 
Ixxvili, 258. 
(44) Boorusy, W. M. ano R. M. Witper. Preliminary report on the effect of 
insulin on the rate of heat production and its significance in regard to 
the calorigenic action of adrenalin. Med. Clin. North America, 1923, 
vii, 53. 
(45) Booruspy, W. M. anv I. Sanpirorp. Calorigenic action of adrenalin 
chloride. Amer. Journ. Physiol., 1923, lxvi, 93. 
(46) Bornstein, A. Uber Adrenalinglykimie. Biochem. Zeitschr., 1921, 
exiv, 157. 
(47) Bornstein, A. AND W. Griespacn. Uber Zuckerverbrennung der kiinst- 
lich durchbluteten Leber. I. Wirkung von Adrenalin und Pilokar- 
pin. Zeitschr. ges. exp. Med., 1923, xxxvii, 33. 
(48) BornstTern, A. AND W. Griessacu. Uber Zuckerbildung in der iiberle- 
benden Leber. II. Insulin and Adrenalin. Zeitschr. ges. exp. Med., 
1924, xliii, 371. 
(49) Bornstein, A. Uber den respiratorischen Stoffwechsel eviscerierter 
Hunde. Biochem. Zeitschr., 1929, ecix, 172. 
(50) Bornstein, A. Wirkung des Adrenalins auf Oxidationsprozesse. Arch. . 
exp. Path. Pharm., 1927, exxvii, 63. 
(51) Bornstein, A. anDR. Panrxe. Uber Acetaldehydbildung in der Leber. II. 
Biochem. Zeitschr., 1930, ccxxv, 321. 
(52) Braue, L. Effect of insulin on tissue respiration. Skand. Arch. Physiol., 
1925, Ixii, 188. 

















CARBOHYDRATE METABOLISM 255 


(53) Briaas, A. P., I. Kozncuic, E. A. Doisy anp C. J. WeBer. Some changes 
in the composition of blood due to the injection of insulin. Journ. 
Biol. Chem., 1924, lviii, 721. 

(54) Briaas, A. P. Some observations bearing on the réle of acetaldehyde in 
animal metabolism. Journ. Biol. Chem., 1926-27, lxxi, 67. 

(55) Brirron, 8. W. XVII. The nervous control of insulin secretion. Amer. 
Journ. Physiol., 1925, lxxiv, 291. 

(56) Brirron, 8. W., E. M. K. Gertine anp H. O. Catvery. Medulliadrenal 
secretion and carbohydrate metabolism. Amer. Journ. Physiol., 1928, 
Ixxxiv, 141. 

(57) Brirron, S. W. The potency of medulliadrenal influence in emotional 
hyperglycemia. Amer. Journ. Physiol., 1928, ixxxvi, 340. 

(58) Brirron, 8. W. An apparent influence of sympathetic nerves on muscle 
glycogen, Amer. Journ. Physiol., 1930, xciii, 213. 

(59) BucnwaLp, K.W. The distribution of acid-soluble phosphorus compounds 
in tumor tissue. Journ. Cancer Res., 1930, xiv, 536. 

(60) Biirapr, M. anp H. Kramer. Primire Hyperglykimie und Glykogenverar- 
mung der Leber als Folge intravenéser Insulininjektion nach Unter- 
suchung am Hund. Zeitschr. ges. exp. Med., 1929, Ixvii, 441. 

(61) Birger, M. Die klinische Bedeutung der initialen Insulinhyperglykamie. 
Klin. Wochenschr., 1930, ix, 104. 

(62) Burn, J. H. anp H. H. Date. On the location and nature of the action of 
insulin. Journ. Physiol., 1924, lix, 164. 

(63) Burn, J. H. anp H. P. Marks. Production of sugar in the perfused liver 
from non-protein sources. Journ. Physiol., 1926, lxi, 497. 

(64) Burn, J. H. anp H. W. Lina. Effect of insulin on acetonuria. Journ. 
Physiol., 1928, Ixv, 191. Effect of pituitary extract and adrenalin on 
ketonuria and liver glycogen. Quart. Journ. Pharmacy, 1929, ii, 1. 

(65) Casyor1, F. A. anp C. Y. Crourer. Comparison of the rate of glycolysis 
in different bloods, ete. Journ. Biol. Chem., 1924, lx, 765. 

(66) CAMPBELL, W. R. ano E. J. Maury. Significance of respiratory quotients 
after administration of certain carbohydrates. Journ. Clin. Invest., 
1929, vi, 303. 

(67) Campos, F. A. pg, W..B. Cannon, H. Lunpin anp T. T. WALKER. Some 
conditions affecting the capacity for prolonged muscular work. Amer. 
Journ. Physiol., 1928-29, lxxxvii, 680. 

(68) Cannon, W. B. anp D. Rapport. VI. Further observations on the de- 
nervated heart in relation to adrenal secretion. Amer. Journ. Physiol., 
1922-23, lviii, 308. : 

(69) Cannon, W. B., M. A. McIver anv 8. W. Buss. XIII. A sympathetic 
and adrenal mechanism for mobilizing sugar in hypoglycemia. Amer. 
Journ. Physiol., 1924, lxix, 46. 

(70) Cannon, W. B. Organization for physiological homeostasis. Physiol. 
Rev., 1929, ix, 399. 

(71) Cannon, W. B. Pharmacological injections and physiological inferences. 
Science, 1929, lxx, 500. 

(72) Carrasco-Formicupra, R. Production of adrenal discharge by piqdre. 
Amer. Journ. Physiol., 1922, lxi, 254. 








256 CARL F. CORI 


(73) CarpENTER, T. M. anp E. L. Fox. The gaseous exchange of the human 
subject as affected by the ingestion of water, dextrose and levulose. 
I, 1, U1. Journ. Nutr., 1930, ii, 359. 

(73a) Carron, L. F. anp H. B. Lewis. Formation of glycogen in the liver of 
the young rat after oral administration of glycerol. Journ. Biol. 
Chem., 1929, Ixxxiv, 553. 

(74) Cuarxorr, I. L. Insulin and glycogenolysis. Proc. Roy. Soc. Canada, 
1926, Section V, xix, 83. 

(75) Cuarxorr, I. L. anp J. J.R.Macrteop. The effect of insulin on the respir- 
atory exchange of fed and fasting rabbits. Journ. Biol. Chem., 1927, 
Ixxiii, 725. 

(76) Cuarxorr, I. L. Observations on the ketone body excretion, D:N ratios, 
and the glycogen content of liver and muscle of fasted depancreatized 
dogs. Journ. Biol. Chem., 1927, lxxiv, 203. 

(77) Cuarxorr, I. L. ano J. J. R. Mactzop: Effect of shivering on the respir- 
atory quotient in pancreatic diabetes. Quart. Journ. Exp. Physiol., 
1929, xix, 291. 

(78) Cuor, Y. O. Relationship of glycogen formation in the muscles to the 
pancreas and epinephrine. Amer. Journ. Physiol., 1928, lxxxiii, 406. 

(79) CuarK, F.G. Influence of the vagus on sugar tolerance. Journ. Physiol., 
1926, Ixi, xiii, 576. III. Further experiments on vagotomy. Journ. 
Physiol., 1927, lxiv, 229. 

(80) Cottens, W. S. anp J. R. Muruin. Hyperglycemia following the portal 
injection of insulin. Proc. Soc. Exp. Biol. Med., 1929, xxvi, 485. 

(81) Cotwe1, A.R. II. Effects of insulin, pancreatectomy and nervous manip- 
ulation of the pancreas. Amer. Journ. Physiol., 1930, xci, 679. 

(82) Cotwe.i, A. R. ano E. M. Bricur. IV. Suppression of glucose combus- 
tion by continuous prolonged epinephrine administration. Amer. 
Journ. Physiol., 1930, xcii, 555. 

(83) Cort, C. F., G. T. Cont anp G. W. Pucuer. Free sugar content of the liver 
and its relation to glycogen synthesis and glycogenolysis. Journ. 
Pharm. Exp. Therap., 1923, xxi, 377. 

(84) Corr, C. F., G. T. Cort anp H. L. Gotrz. Comparative study of the blood 
sugar concentration in liver vein, leg artery and leg vein during insulin 
action. Journ. Pharm. Exp. Therap., 1923, xxii, 355. 

(85) Corr, C. F. Insulin and liver glycogen. Journ. Pharm. Exp. Therap., 
1925, xxv, 1. 

(86) Cori, C. F. anpG.T.Corr. Comparative study of the sugar concentration 
in arterial and venous blood during insulin action. Amer. Journ. 
Physiol., 1925, Ixxi, 688. 

(87) Corr, C. F. Influence of insulin and epinephrine on lactic acid content of 
blood and tissues. Journ. Biol. Chem., 1925, lxiii, 253. 

(88) Corr, C. F. ann G. T. Corr. Carbohydrate metabolism of tumors. I. 
Free sugar, lactic acid and glycogen content of malignant tumors. 
Journ. Biol. Chem., 1925, lxiv, 11. 

(89) Cori, C. F. anp G. T. Corr. II. Changes in the sugar, lactic acid, and 
CO.-combining power of blood passing through a tumor. Journ. Biol. 
Chem., 1925, Ixv, 397. 

















ice 








CARBOHYDRATE METABOLISM 257 


(90) Cort, G. T. Insulin content of tumor tissue. Journ. Cancer Res., 1925, 
ix, 408. 
(91) Corr, C. F. Fate of sugar in the animal body. I. Rate of absorption of 
hexoses and pentoses from the intestinal tract. Journ. Biol. Chem., 
1925, Ixvi, 691. 
(92) Corr, C. F. anp H. L. Gotrz. Rate of absorption of hexoses and pentoses 
from the peritoneal cavity. Proc. Soc. Exp. Biol. Med., 1925, xxii, 
122. 
(93) Cort, C. F.anp H.L.Gourz. Permeability of liver and muscles for hexoses 
and pentoses. Proc. Soc. Exp. Biol. Med., 1925, xxii, 124. 
(94) Corr, C. F. Rate of absorption of a mixture of glucose and galactose. 
Proc. Soc. Exp. Biol. Med., 1926, xxiii, 290. 
(95) Cort, C. F. Rate of absorption of glycine and d, l-alanine. Proc. Soc. 
Exp. Biol. Med., 1926, xxiv, 125. 
(96) Cort, C. F. anp G. T. Corr. II. Relation between sugar oxidation and 
glycogen formation in normal and insulinized rats during absorption 
of glucose. Journ. Biol. Chem., 1926, lxx, 557. 
(97) Corr, C. F. III. Rate of glycogen formation in the liver of normal and 
insulinized rats during absorption of glucose, fructose and galactose. 
Journ. Biol. Chem., 1926, lxx, 577. 
(98) Cort, C. F. anp G. T. Corr. IV. Tolerance of normal and insulinized rats 
for intravenously injected glucose and fructose. Journ. Biol. Chem., 
1927, Ixxii, 597. 
(99) Cort, G. T. anp C. F. Corr. VI. Sugar oxidation and glycogen formation 
in normal and insulinized rats during absorption of fructose. Journ. 
Biol. Chem., 1927, xxiii, 555. 
(100) Corr, C. F. anp G. T. Corr. VII. Carbohydrate metabolism of adrena- 
lectomized rats and mice. Journ. Biol. Chem., 1927, lxxiv, 473. 
(101) Corr, C. F. anno G. T. Corr. VIII. Influence of insulin on the utilization of 
glucose, fructose and dihydroxyacetone. Journ. Biol. Chem., 1928, 
Ixxvi, 755. 
(102) Corr, C. F. Influence of insulin and epinephrine on the fate of sugar in 
the animal body. The Harvey Lect., 1927-28, xxiii, 76. 
(103) Cori, C. F. anp G. T. Corr. Relation between absorption and utilization 
of galactose. Proc. Soc. Exp. Biol. Med., 1928, xxv, 402. 
(104) Corr, C. F. anp G. T. Corr. Rate of excretion of galactose. Proc. Soc. 
Exp. Biol. Med., 1928, xxv, 406. 
(105) Cori, C. F. anp G. T. Cort. Mechanism of epinephrine action. I. Influ- 
ence of epinephrine on carbohydrate metabolism of fasting rats. 
Journ. Biol. Chem., 1928, lxxix, 309. 
(106) Corr, C. F. anp G. T. Corr. II. Influence of epinephrine and insulin on 
carbohydrate metabolism of rats in the postabsorptive state. Journ. 
Biol. Chem., 1928, Ixxix, 321. 
(107) Corr, C. F. anp G. T. Corr. III. Influence of epinephrine on the utiliza- 
tion of absorbed glucose. Journ. Biol. Chem., 1928, lxxix, 343. 
(108) Corr, C. F. ann G. T. Corr. III. Rate of glycolysis of tumor tissue in the 
living animal. Journ. Cancer Res., 1928, xii, 301. 








258 CARL F. CORI 


(109) Cori, C. F. anp G. T. Cort. Rate of glucose utilization of tumor tissue in 
the living animal. Journ. Cancer Res., 1929, xiii, 287. 

(110) Cori, C. F. anp G. T. Corr. Glycogen formation in the liver from d- and 
l-lactic acid. Journ. Biol. Chem., 1929, lxxxi, 389. 

(111) Corr, C. F. anp G. T. Corr. IV. Influence of epinephrine on lactic acid 
production and blood sugar utilization. Journ. Biol. Chem., 1929, 
Ixxxiv, 683. 

(112) Cori, C. F. anp G. T. Corr. Effect of epinephrine on arterial and venous 
blood sugar in men. Journ. Biol. Chem., 1929, lxxxiv, 699. 

(113) Corr, C. F. anp G. T. Cori. Influence of insulin and epinephrine on glyco- 
gen formation in the liver. Journ. Biol. Chem., 1929, lxxxv, 275. 

(114) Corr, C. F. anp G. T. Cort. Kohlehydratbilanz an der hungernden Ratte 
nach Insulin—und Adrenalininjektionen. Biochem. Zeitschr., 1929, 
cevi, 39. 

(115) Corr, C. F. anp G. T. Corr. Influence of epinephrine on blood sugar utili- 
zation of functionally hepatectomized rats. Proc. Soc. Exp. Biol. 
Med., 1929, xxvii, 345. 

(116) Corr, C. F. anp G. T. Corr. Fate of glucose and other sugars in evisce- 
rated animals. Proc. Soc. Exp. Biol. Med., 1929, xxvi, 432; Abst. 
XIIIth Internat. Physiol. Congress, Boston 1929, p. 55. 

(117) Cort, C. F.,G.17. Corr anp H. L.Gourz. Mechanism of glucose absorption 
from the intestinal tract. Proc. Soc. Exp. Biol. Med., 1929, xxvi, 433. 

(118) Corr, C. F. Rate of absorption of epinephrine from the subcutaneous 
tissue. Science, 1929, lxx, 355. 

(119) Corr, G. T., C. F. Cort anp K. W. Bucnwatp. V. Changes in liver glyco- 
gen and blood lactic acid after injection of epinephrine and insulin. 
Journ. Biol. Chem., 1930, lxxxvi, 375. 

(120) Corr, C. F., G. T. Cort anp K. W. Bucnwaup. VI. Changes in blood 
sugar, lactic acid and blood pressure during continuous intravenous 
injection of epinephrine. Amer. Journ. Physiol., 1930, xciii, 273. 

(121) Corr, G. T. VII. Changes in glycogen, lactic acid and phosphate content 
of muscle. Amer. Journ. Physiol., 1930, xciv, 557. 

(122) Corr, C. F. anp G. T. Corr. Absorption of epinephrine from the subcu- 
taneous tissue of the rat. Proc. Soc. Exp. Biol. Med., 1930, xxvii, 558. 

(123) Cori, C. F. anp G. T. Corr. Influence of constant intravenous injection 
of epinephrine on blood sugar of rats. Proc. Soc. Exp. Biol. Med., 
1930, xxvii, 560. 

(124) Cori, C. F. anp K. W. Bucuwaup. Action of epinephrine and insulin 
under anaerobic conditions. Proc. Amer. Soc. Biol. Chem., 1930, vii, 
38. 

(125) Corr, G. T. Studies on intestinal absorption. I. Absorption of lactic 
acid. Journ. Biol. Chem., 1930, lxxxvii, 13. 

(126) Corr, C. F., E. L. Vittiaume anp G. T. Corr. II. Absorption of ethyl 
alcohol. Journ. Biol. Chem., 1930, Ixxxvii, 19. 

(127) Cori, C. F. anp G. T. Cort. Accumulation of a precursor of lactic acid in 
muscle after epinephrine injection. Proc. Soc. Exp. Biol. Med., 1930, 
xxvii, 934. 





’ 
[ 











) 
[ 





CARBOHYDRATE METABOLISM 259 


(128) Cori, C. F. ann K. W. Bucuwaup. Effect of continuous intravenous injec- 
tion of epinephrine on carbohydrate metabolism, basal metabolism and 
vascular system of normal men. Amer. Journ. Physiol., 1930, xev, 71. 

(129) Cort, G. T. Effect of epinephrine on sugar utilization in animals under 
amytal anesthesia. Amer. Journ. Physiol., 1930, xev, 285. 

(130) Corr, C. F. anp K. W. Bucuwaup. Effect of epinephrine on the oxygen 
consumption of frogs before and after hepatectomy. Proc. Soc. Exp. 
Biol. Med., 1930. 

(131) Corxiti, A. B. Influence of insulin on the distribution of glycogen in 
normal animals. Biochem. Journ., 1930, xxiv, 779. 

(132) CorxitL, A. B. anp H. P. Marks. The effect of adrenaline on muscle 
glycogen. Journ. Physiol., 1930, lxx, 67. 

(133) Corxitu, A. B., H. H. Date anp H. P. Marks. The respiratory quotient 
of the eviscerated spinal cat. Journ. Physiol., 1930, lxx, 86. 

(1384) Corey, R.C. Pentose metabolism I. Journ. Biol. Chem., 1926, lxx, 521. 
Factors in the metabolism of lactose. Journ. Biol. Chem., 1927, lxxiv, 
4. 

(135) Corrat DE, J. M. Beitrage zur Physiologie der Driisen. 35. Abhangigkeit 
der innern Sekretion des Pankreas vom Nervensystem. Zeitschr. Biol., 
1918, xviii, 395. 

(136) Crasprrere, H.G. Carbohydrate metabolism of certain pathological over- 
growths. Biochem. Journ., 1928, xxii, 1289. 

(137) Cramer, W., F. Dickens anp E.C. Dopps. Insulin in normal and cancer- 
ous tissues. Brit. Journ. Exp. Path., 1926, vii, 299. 

(138) CruicksHANK, E.W.H. On the production and utilization of glycogen in 
normal and diabetic animals. Journ. Physiol., 1914, xlvii, 1. 

(139) Dakin, H. D. Mode of oxidation of simple aliphatic substances in the 
animal organism. Journ. Biol. Chem., 1907, iii, 57. 

(140) Dakin, H. D. anp H. W. Duptey. An enzyme concerned with the forma- 
tion of hydroxy acids from ketonic aldehydes. Journ. Biol. Chem., 
1913, xiv, 155. Onglyoxalase. Ibid., 1913, xiv, 423. 

(141) Dakin, H. D., N. W. JANNEy anv A. J. WAKEMAN. Conditions affecting 
the formation and excretion of formic acid. Journ. Biol. Chem., 1913, 
xiv, 341. 

(142) Daxin, H. D. ano N. W. JaANNEy. Biochemical relation between pyruvic 
acid and glucose. Journ. Biol. Chem., 1913, xv, 177. 

(143) Davenport, H. A. Liver amylase and its probable réle in the regulation 
of blood sugar. Journ. Biol. Chem., 1926, lxx, 625. 

(144) Davenport, H. A. ano H. K. Davenport. Lactic acid content of resting 
mammalian muscle. Journ. Biol. Chem., 1928, lxxvi, 651. 

(145) Deve., H. J., Jk. anp A. T. MitHorat. On the alleged conversion of fat to 
carbohydrate. I. Metabolism of acetic acid. Journ. Biol. Chem., 
1928, Ixxviii, 299. 

(146) Dickson, B. R., G. 8. Eapig, J. J. R. Macteop anp F. R. Pemsper. Effect 
of insulin on the respiratory exchange of normal animals. Quart. 
Journ. Physiol., 1924, xiv, 123. 

(147) Discur, Z. Natur des eiweissgebundenen Blutplasmazuckers. Biochem. 
Zeitschr., 1928, eci, 74. 


+ 
q 


connate 6 AS: 


ican 


SAC RE Bin ied on HE 


Se eee ne vane 
ae rey rere os a a i 


a pa a a 











260 CARL F. CORI 


(148) Doisy, E. A., A. P. Briaes, C. H. Weser anv I. Korecuia. Formation of 
lactic acid by the diabetic organism. Journ. Biol. Chem., 1925, lxiii, 
48. 

(149) Donatpson, H.H. Therat. Philadelphia, 1915. 

(150) Dragstept, C. A. anp A. H. Wicgurman. Hemodynamic effect of epi- 
nephrine in unanesthetized dogs. Amer. Journ. Physiol., 1928, lxxxiv, 
307. 

(151) Dragstept, C. A. anp J. W. Hurrman. Comparative effects of epinephrine 
upon blood pressure and intestinal motility in the dog. Amer. Journ. 
Physiol., 1928, lxxxv, 129. 

(152) Drummonp, W. B. anp N. Paton. Influence of adrenalin poisoning on the 
liver, etc. Journ. Physiol., 1904, xxxi, 92. 

(153) Drury, D. R. anp P. D. McMaster. I. Effect of liver lack on fat combus- 
tion and the respiratory quotient. Journ. Exp. Med., 1929, xlix, 765. 

(154) Duptey, H.W. anpG. F. Marian. Effect of insulin on the glycogen in the 
tissues of normal animals. Biochem. Journ., 1923, xvii, 435. 

(155) Duprey, H. W., P. P. Larpuaw, J. W. TREvAN anv E. M. Boock. Effect 
of insulin on respiratory exchange. Journ. Physiol., 1923, lvii, 47. 

(156) Dworxin, 8. Mechanism of adrenalin glycemia. Amer. Journ. Physiol., 
1930, xciii, 646. 

(157) Eapin, G. S., J. J. R. Macteop anp E. C. Nosie. Insulin and glycolysis. 
Amer. Journ. Physiol., 1923, Ixv, 462. 

(158) Eapin, G. 8. Epinephrine and hyperglycemia. Amer. Journ. Physiol., 
1929, lxxxix, 46. 

(159) Eapiz, G. 8. Comparison of the effects of epinephrine on carbohydrate 
metabolism of the cat and the rat. Amer. Journ. Physiol., 1930, xciv, 
69. 

(160) Epxins, N. anp M. M. Murray. Effect of alcohol on the absorption of 
glucose from the alimentary tract. II. Journ. Physiol., 1928, ixvi, 102. 

(161) Enrismann, O. Antagonismus von Insulin und Schilddriisenpriparaten. 
Arch. Exp. Path. Pharm., 1927, exxi, 299. 

(162) Emppen, G., E. Scumirz anp P. Merncxe. Muskelarbeit und Lactacido- 
gen. Zeitschr. physiol. Chem., 1921, exiii, 10. 

(163) Emppen, G. anp M. ZimmeRMANN. Uber die Chemie des Lactacidogens. 
IV, V. Zeitschr. physiol. Chem., 1924, exli, 225, 1927, elxvii, 114. 

(164). Emppen, G. ann H. Jost. Uber die Spaltung des Lactacidogens bei der 
Muskelkontraktion. Zeitschr. physiol. Chem., 1928, clxxix, 24. 

(165) EvLer, H. von anp K. Myrsicx. Zur Kenntnis der Biokatalysatoren des 
Kohlehydratumsatzes. Zeitschr. physiol. Chem., 1925, cl, 1. 

(166) Evier, H. von anp K. Myrpidcx. Gehalt wachsenden Gewebes an Cozy- 
mase und Hemmungsstoff. I. Pfliiger’s Arch., 1925, ecx, 521. 

(167) Evier, U. von. Beeinflussung der Gewebsoxydation durch Adrenalin und 
Insulin, etc. Skand. Arch. Physiol., 1930, lix, 123. 

(168) Everett, M. R. III. The reducing action of glutathione. Journ. Biol. 
Chem., 1930, Ixxxvii, 761. 

(169) Faber, K. Quoted from GrEVENSTUK AND Laqueur: Ergebn. Physiol., 
1924-25, xxiii, 73. 








ya 























CARBOHYDRATE METABOLISM 261 


(170) Fanrie, C. Kohlehydratumsatz der Geschwiilste etc. Zeitschr. Krebs- 
forsch., 1927, xxv, 146. 

(171) Farrar, G. E., Jk. anp A. M. Durr, Jr. Ergotamine tartrate: its hyper- 
glycemic action and its influence on the hyperglycemia produced by 
epinephrine in normal unanesthetized dogs. Journ. Pharm. Exp. 
Therap., 1928, xxxiv, 197. 

(172) Ferauson J. K. W., L. Irvine anp F. B. PLewes. The source of expired 
CO, in decapitated eviscerated cats. Journ. Physiol., 1929, lxviii, 265. 

(173) Fisner, N. F. anp R.W. Lackey. Glycogen content of the heart, liver and 
muscles of normal and diabetic dogs. Amer. Journ. Physiol., 1925, 
Ixxii, 43. 

(174) Fiske, C. H: The réle of phosphoric acid in carbohydrate metabolism. 
Journ. Biol. Chem., 1920, xli, 59. 

(175) Fiske, C. H. anp Y. Supparow. Phosphocreatine. Journ. Biol. Chem., 
1929, Ixxxi, 629. 

(175a) Fiskn, C. H. anp Y. Supparow. Phosphorus compounds of muscle and 
liver. Science, 1929, lxx, 381. 

(176) FLEISCHMANN, W. anv F. Kusowirz. Uber den Stoffwechsel der Leuko- 
cyten. Biochem. Zeitschr., 1927, clxxxi. 

(177) Firercuer, W. M. anv F. G. Hopkins. Lactic acid in amphibian muscle. 
Journ. Physiol., 1907, xxxv, 247. 

(178) Furercuer, W. M. Lactic acid formation, survival, respiration and rigor 
mortis in mammalian muscle. Journ. Physiol., 1914, xlvii, 361. 

(179) Foun, O. anp A. SvepBEeRG. The sugar in urine and blood. Journ. Biol. 
Chem., 1926, Ixx, 405. 

(180) Fourn, O., H. C. TRimBie anp L. H. Newman. The distribution and re- 
covery of glucose injected into animals. Journ. Biol. Chem., 1928, 
lxxv, 263. 

(181) Fourn, O. Unlaked blood as basis for blood analysis. Journ. Biol. Chem., 
1930, Ixxxvi, 173. 

(182) Foster, G. L. I. Comparisons of blood sugar concentrations in venous 
blood and in finger blood. Journ. Biol. Chem., 1923, lv, 291. 

(183) Freunp, H. unp E. Grare. Beeinflussung des Gesamtstoffwechsels und 
des Eiweissumsatzes beim Warmbliiter durch operative Eingriffe am 
Zentralnervensystem. Arch. Exp. Path. Pharm., 1922, xciii, 285. 

(184) FriepDENson, M., M. K. Rosensavum, E. J. THALHEIMER AND J. P. PETERS. 
Cutaneous and venous blood sugar curves. Joura. Biol. Chem., 1928, 
Ixxx, 269. 

(185) Frank E., M. NortHMANN AND A. WAGNER. Extrahepatische Wirkung des 
Insulins beim Zuckerverbrauch. Klin. Wochenschr., 1924, iii, 581. 
Uber des Augriffspunkt des Insulins. Arch. Exp. Path. Pharm., 1925, 
cx, 225. 

(186) Franx, E., M. NoraMann anp E. Hartmann. Chemische und mikros- 
kopische Untersuchungen iiber das Verhalten des Glykogens in der 
Leber unter Wirkung des Insulins. Arch. Exp. Path. Pharm., 1927, 
exxvii, 35. 

(187) Fréuticn, A. ano L. Potuax. Uber Zuckermobilisierung in der iberle- 
benden Kaltbliiterleber. Arch. Exp. Path. Pharm., 1914, lxxvii, 265. 


| 
- 
ae 
i 
| 
B 
4 








262 CARL F. CORI 


(188) Fusrra, A. Uber den Stoffwechsel der Kérperzellen. Biochem. Zeitschr., 
1928, exevii, 175. 

(189) Firra, O. Vermag das Insulin die assimilatorische oder dissimilatorische 
Tatigkeit mit Luft geschiittelter Hefe zu beeinflussen? Biochem. 
Zeitschr., 1924, cl, 265. 

(190) GAt, G. Stérung der Resorption bei Mangel an Vitamin B. Biochem. 
Zeitschr., 1930, ccxxv, 286. 

(191) Garry, R.C. Amytal and the inhibitory action of the vagus on the heart. 
Journ. Physiol., 1930, lxix, xii. 

(192) Gasser, H.S. anp H.H. Date. Pharmacology of denervated mammalian 
muscle. II. Journ. Pharm. Exp. Therap., 1926, xxviii, 287. 

(193) Gayet, R. anp M. Guituaumie. La régulation de la sécrétion interne pan- 
créatique par un processus humoral, démontrée par des transplanta- 
tions de pancréas. Expériences sur des animaux normaux. Compt. 
rend. soc. biol., 1927, xcvii, 1613. Expériences sur des animaux de- 
pancreatés. Compt. rend. soc. biol., 1927, xevii, 1615. La régulation 
de la glycemie des chiens diabétiques par des quantités variés de 
tissu pancréatique transplanté. Compt. rend. soc. biol., 1928, xeviii, 
676. 

(194) Gee, A. H. anno I, L. Cuarxorr. Acetaldehyde in blood of normal and 
diabetic dogs. Journ. Biol. Chem., 1926, Ixx, 151. 

(195) GEELMUYDEN, H. C. Stoffwechselphysiologische Theorie des Diabetes 
mellitus. Ergebn. Physiol., 1930, xxx, 1. 

(196) Geiger, E. anp E. Scumipr. Einfluss des Adrenalins auf die Zuckerneu- 
bildung. Arch. Exp. Path. Pharm., 1928, exxxiv, 173. 

(197) GeiceR, E. anp E. Scumipt. Mobilisierung des Muskelglykogens durch 
Adrenalin. Arch. Exp. Path. Pharm., 1929, exliii, 321. 

(198) GerceR, E. Mobilisierung des Muskelglykogens durch Adrenalin, etc. 
Biochem. Zeitschr., 1930, ccexxiii, 190. 

(199) Gernine, E. M. K, anp A. M. DeLawper. Does insulin cause an initial 
hyperglycemia? Journ. Pharm. Exp. Therap., 1930, xxxix, 369 

(200) Giosie, H. anp R. Pantxe. Acetaldehydbildung bei Ausschluss von Bak- 
terien. Biochem. Zeitschr., 1930, ccxxvi, 326. 

(201) Guover, E. C., G. A. Datanp anv H. L. Scumitz. Metabolism of normal 
and leukemic leukocytes. Arch. Int. Med., 1930, xlvi, 46. 

(202) GotpsBiatt, M. W. Action of insulin in normal young rabbits. Biochem. 
Journ., 1929, xxiii, 83. Insulin and gluconeogenesis. Biochem. Journ., 
1929, xxiii, 243. 

(203) GotpsLatt, M. W. The action of insulin on the glycogen distribution in 
normal animals. Biochem. Journ., 1930, xxiv, 1199. 

(204) GotprepEeR, A. Metabolismus von Kohlehydraten etc. bei bdésartigen 
Geschwiilsten. Zeitschr. Krebsforsch., 1928, xxvii, 503. 

(205) Gorrscuatk, A. Uber tierische Carboxylase. Biochem. Zeitschr., 1924, 
exlvi, 582. 

(206) GrREVENSTUK, A. AND E. Laqueur. Glykogengehalt der Leber von Kanin- 
chen, etc., nach Erfahrungen mit dem Bauchfenster. Biochem. Zeit- 
schr., 1925, elxiii, 390; clxxiii, 183. 























CARBOHYDRATE METABOLISM 263 


(207) Grevenstuk, A. Uber freien und gebundenen Zucker in Blut und Organen. 
Ergebn. Physiol., 1929, xxviii, 1. 

(208) GrirritH, F. R., Jr. Reflex hyperglycemia. Amer. Journ. Physiol., 1923, 
Ixvi, 618. 

(209) GrirritH, F. R., Jk. anv L.E. Humme.. Action of adrenaline on metabo- 
lism of peripheral tissues. Proc. Soc. Exp. Biol. Med., 1930, xxvii, 1033. 

(210) Hann, A., E. Fiscupacn anp W. HaarmMann. Uber die Dehydrierung der 
Milchsiure. Zeitschr. Biol., 1929, Ixxxviii, 516. 

(211) Hanpowsk1, E. Zur Theorie der Insulinwirkung. I. Arch. Exp. Path. 
Pharm., 1928, exxxiv, 324. 

(212) Harpren, A. anD W. J. Youna. The alcoholic ferment of yeast juice. III, 
V. Proc. Roy. Soc., 1908, B Ixxx, 299; 1910, B Ixxxii, 321. W.J. Youna. 
Zusammensetzung der durch Hefepressaft gebildeten Hexosephos- 
phorsiure. Biochem. Zeitschr., 1911, xxxii, 177. 

(213) Hari, P. Einfluss des Adrenalins auf den Geswechsel.. Biochem. Zeitschr., 
1912, xxxviii, 23. 

(214) Harrison, 8. T. anp E. Metuansy. Inhibition of lactic acid formation in 
cancer and muscle. Biochem. Journ., 1930, xxiv, 141. 

(215) Harrop, G. A., Jk. anD E.M. Benepicr. Réle of phosphate and potassium 
in carbohydrate metabolism. Proc. Soc. Exp. Biol. Med., 1923, xx, 
430. Journ. Biol. Chem., 1924, lix, 683. 

(216) Harrop, G. A., Jk. anp E.8.G. Barron. I. Effect of methylene blue and 
other dyes upon oxygen consumption of mammalian and avian ery- 
throcytes. Journ. Exp. Med., 1928, xlviii, 207. 

(217) Harrman, F. A. Differential effects of adrenin on splanchnic and periph- 
eral arteries. Amer. Journ. Physiol., 1915, xxxviii, 438. 

(218) Hawuey, E. E. anp J. R. Muruin. Metabolism of normal animals under 
insulin treatment. Amer. Journ. Physiol., 1925, lxxv, 107. 

(219) Hépon, E. Sur la resorption intestinale et l’action purgative des sucres 
en solutions hyperisotoniques. Compt. rend. soc. biol., 1900, lii, 41. 
Sur la resorption intestinale de sucres en solutions isotoniques. Compt. 
rend. soc. biol., 1900, lii, 87. 

(220) Hépon, E. anp G. Grraup. Le courbe de la glycémie dans les premiéres 
heures qui suivent la pancréatectomie. Compt. rend. soc. biol., 1920, 
elxxxiii, 332. Hfipon E. anp L. Hfpon. Pancréas. Sécretion interne. 
in G. H. Roger, Traité de physiologie normale et pathologique, 1928, 
iv, 35. 

(221) Hépon, L. Action de l’insuline sur le depdt de glycogéne dans le foie chez 
le chien totalement dépancreaté en état d’inanation. Compt. rend. 
soc. biol., 1925, xciii, 396. 

(222) Hépon, L. Le quotient respiratoire et le métabolisme de base dans le 
diabéte pancréatique expérimental. Arch. internal. physiol., 1926, 
xxvii, 254. 

(223) HeNRIQUEZ, V. AND R. Ear. Vergleichende Untersuchungen iiber die 
Glucose. Konzentration in dem arteriellen und in dem venésen Blut 
aus den Muskeln. Biochem. Zeitschr., 1921, cxix, 121. 

(224) Hersert, F. F. anp M. C. Bourne. The non-reducing substances of 
human blood, with special reference to glutathione. Biochem. Journ., 
1930, xxiv, 299. 








: 
: 
! 


Se SS ae Ee 








264 : CARL F. CORI 


(225) Herrin, R. C. Effect of sympathetics on glycogen content of muscle. 
Amer. Journ. Physiol., 1930, xciii, 657. 

(226) Hersuey, J. M.anpM.D.Orr. Removal of glycogen from living muscle. 
Proc. Roy. Soc. Canada, 1928, Sect. V, xxii, 151. 

(227) Hewitt, J.A. Metabolism of carbohydrates. III. Absorption of glucose, 
fructose and galactose from the small intestine. Biochem. Journ., 
1921, xviii, 161. 

(228) Hituer, A., G.C. Linper anp D.D. Van Stryke. The reducing substances 
of blood. Journ. Biol. Chem., 1925, lxiv, 625. 

(229) Himwicu, H. E. anp W.C.Castie. I. The respiratory quotient of resting 
muscle. Amer. Journ. Physiol., 1927, lxxxiii, 92. 

(230) Himwicn, H. E., Y. D. Koskorr anp L. N. Nanum. I. A glucose-lactic 
acid cycle involving muscle and liver. Journ. Biol. Chem., 1930, 
Ixxxv, 571. 

(231) Himwicn, H. E. anp M. L. Perermann. Effect of adrenalin on blood fat. 
Proc. Soc. Exp. Biol: Med., 1930, xxvii, 814. 

(232) Hines, H. M., L. E. Leese anv A. L. Barer. Glycogen formation under 
amytal anesthesia. Proc. Soc. Exp. Biol. Med., 1928, xxv, 726. 

(233) Hinsetmann, H. Glykogenabbau und Zuckerbildung in der Leber nor- 
maler und pankreasdiabetischer Hunde. Zeitschr. physiol. Chem., 
1905, lxi, 265. 

(234) Hinsgy, J. C. anp H. A. Davenport. Effect of prolonged general anes- 
thesia, etc., on lactic acid and glycogen content of mammalian skeletal 
muscle. Amer. Journ. Physiol., 1929, lxxxvili, 286. 

(235) Hirscn, J. Acetaldehyd im intermediiren Stoffwechsel iiberlebender 
Muskulatur. Biochem. Zeitschr., 1922, cxxxiv, 415. 

(236) Horrmann, A. AND E. Wertuermer. IX. Sympathicuswirkung auf den 
Muskel. Pfliiger’s Arch., 1927, ccxviii, 176. 

(236a) Hotmes, E. G. anp R. W. Gerarp. IV. Carbohydrate metabolism of 
resting mammalian nerve. Biochem. J., 1929, xxiii, 738. 

(237) Hotren, C. Effect of insulin on respiratory metabolism. Acta med. 
scand., 1929, Ixxi, 285. 

(238) Hovussay, B. A., J. T. Lewis anp E. A. Mouinetui. Role de la sécretion 
d’adrenaline pendant l’hypoglycémie produite par l’insuline. Compt. 
rend. soc. biol., 1924, xci, 1011. 

(239) Hovussay, B. A., J. T. Lewis anp V. G. Foauta. Action compensative ou 
préventative de la greffe pancréatique sur la glycémie diabétique ou 
normale. Compt. rend. Soc. biol., 1929, c, 140. Action de la greffe 
pancréatique sur les variations de la glycémie produites par |’injection 
de glucose. Compt. rend. soc. biol., 1929, c, 142. Influence de l’éner- 
vation du pancréas sur les variations de la glycémie produites par l’in- 
jection de glucose. Compt. rend. soc. biol., 1929, c, 144. Fonction 
endocrine du pancréas normal ou énervé pendant |’ hypoglycémie insu- 
linique. Compt. rend. soc. biol., 1929 ci, 239. 

(240) Hussparp, R.S. anp F. R. Wricutr. Blood acetone bodies after injection 
of small amounts of adrenalin chloride. Journ. Biol. Chem., 1921, 
xlix, 385. 

















CARBOHYDRATE METABOLISM 265 


(241) Hupparp, R. 8. ann C. B. Atuison. Residual reduction in blood filtrate 
after treatment with colon bacillus. Proc. Soc. Exp. Biol. Med., 1928, 
xxv, 408. Journ. Biol. Chem., 1930, Ixxxvi, 575. 

(242) Hunt, H. B. ann E. M. Bricgut. XVIII. Locus of the calorigenic action 
of adrenalin with observations on the tissue metabolism. Amer. Journ. 
Physiol., 1926, Ixxvii, 353. 

(243) Hynp, A. Action of glucosone on normal animals (mice) and its possible 
significance in metabolism. Proc. Roy. Soc., 1927, B ci, 244. 

(244) Irvine, L. anp H.C. Foster. Respiratory quotient of resting mammalian 
muscle as shown by the eviscerated, decapitated cat. Amer. Journ. 
Physiol., 1930, xev, 429. 

(245) Issexutz, B. von. I. Zuckerbildung der iiberlebenden Froschleber. Bio- 
chem. Zeitschr., 1927, exlvii, 264. 

(246) Issekutz, B. von. II. Insulin-Adrenalin-Antagonismus. Biochem. Zeit- 
schr., 1927, clxxxiii, 283. 

(247) Issexutz, B. von anp F. Vécu. III. Insulinwirkung auf den Gasstoff- 
wechsel der Schildkréte. Biochem. Zeitschr., 1928, excii, 383. 

(248) Iwasaki, K. Uber den Mechanismus der Vergirung des Dioxyacetons. 

Biochem. Zeitschr., 1928, cciii, 237. 

(249) Jackson, H., Jr., F. PARKER, JR. AND E. C. Gtover. Studies of the dis- 
eases of the lymphoid and myeloid tissues. I. Journ. Exp. Med., 1930, 
lii, 547. 

(250) JANssEN, G. AND H. Jost. Uber den Wiederaufbau des Kohlenhydrates im 
Warmbliitermuskel. Zeitschr. physiol. Chem., 1925, cxlviii, 41. 

(251) JoHANNSEN, J. E. Untersuchungen tiber den Kohlehydratstoffwechsel. 
Skand. Arch. Physiol., 1909, xxi, 1. 

(252) Josuin, E. P. Diabetic metabolism with high and low diets. Carnegie 
Inst. Washington, 1923, Publ. 323. 

(253) JunKeRsporF, P. anp P. T6r6x. I. Wirkung des Adrenalins im Hunger- 
zustande. Pfliiger’s Arch., 1926, cexi, 414. III. Wirkung des Adrenalins 
bei Verabfolgung von stofflich und kalorisch vollwertiger Nahrung. 
Pfliiger’s Arch., 1927, cexvi, 549. 

(254) Kaun, R. H. Zur Frage nach der innern Sekretion des chromaffinen 
Gewebes. Pfliiger’s Arch., 1909, cxxviii, 519. 

(255) Kaun, R. H. Zentrale Reizung der Nebennieren und der Paraganglien 
waihrend der Insulinvergiftung. Pfliiger’s Arch., 1926, cexii, 54. 

(256) Katayama, I. anp J. A. Kitu1an. Changes in the sugar, inorganic phos- 
phorus and lactic acid of animal and human blood after administration 
of insulin and glucose. Journ. Biol. Chem., 1927, lxxi, 707. 

(257) Kauscu, W. Zuckerverbrauch im Diabetes mellitus des Vogels. Arch. 
Exp. Path. Pharm., 1897, xxxix, 219. 

(258) Kay, H. D. anp R. Rospison. Ré6le of phosphates in carbohydrate metabol- 
lism. I. Biochem. Journ., 1924, xviii, 1139. 

(259) Kenpatt, A. I. Effect of insulin upon the metabolism of certain bacteria. 
Proc. Soc. Exp. Biol. Med., 1925, xxiii, 62. 

(260) Kerr, 8. E. Effect of insulin and of pancreatectomy on the distribution 


of phosphorus and of potassium in the blood. Journ. Biol. Chem., 
1928, Ixxviii, 35. 











) 
i 
i 


ne 
a 


LO LANE EE TEE TET 











266 CARL F. CORI 


(261) Kitutporn, L.G. Respiratory quotient after evisceration in cats. Journ. 
Physiol., 1928, lxvi, 403. 

(262) Kuen, F. anp R. Weiss. Wirkung des Adrenalins auf den respiratorischen 
Stoffwechsel. Endokrinol., 1928, i, 264. 

(263) Kopet, M. anp W. Rotu. Uber die Verbrennungs- und Lésungswirme 
des Dioxyacetons. Biochem. Zeitschr., 1928, eciii, 159. 

(264) Koxas, E. von anp G. GAL. Resorptionsbeschleunigung durch Hefeex- 
trakt. III. Biochem. Zeitschr., 1929, cev, 280. 

(265) Korner, O. anD H. Mautner. Wirkung des Insulins und des Pituitrins auf 
den Wasserhaushalt. Arch. Exp. Path. Pharm., 1926, exiii, 151. 

(266) KornFrewp, F. anp H. Exias. Uber die Rolle der Siurewirkung beim Zu- 
standekommen der Adrenalinhyperglykimie. Biochem. Zeitschr., 
1922, exxxiii, 192 

(267) Korscunerr, N. Insulin- und Adrenalinwirkung auf den Blutzuker, etc. 
Pfliiger’s Arch., 1928, cexx, 628. 

(268) Krantz, C. I. anp J. H. Means. Effect of epinephrine on the partition of 
foodstuffs in obese and normal individuals. Journ. Clin. Invest., 1927, 
iv, 225. 

(269) Kraut, H. anp E. Bumm. Uber das Co-Ferment der Glykolyse aus Tumo- 
ren. Zeitschr. physiol. Chem., 1928, elxxvii, 125. 

(270) Kress, H. A. Uber den Stoffwechsel der Netzhaut. Biochem. Zeitschr., 
1927, clxxxix, 57. 

(271) Kusowirz, F. Stoffwechsel der Froschnetzhaut bei verschiedenen Tem- 
peraturen. Biochem. Zeitschr., 1929, eciv, 475. 

(272) Kuriyama, 8. I. Influence of repetion of epinephrine injection upon the 
intensity of glycosuria and hyperglycemia and the glycogen content 
of theliver. Journ. Biol. Chem., 1918, xxxiv, 269. 

(273) Kurokawa, T. Zur Frage der Insulinhypophosphatamie. Tohoku Journ. 
Exp. Med., 1925, v, 438. 

(274) La Barre, J. Variations physiologiques de la sécrétion interne du pan- 
eréas I, II, III. Arch. Internat. physiol., 1927, xxix, 227. Glycosen- 
sibilité des centres nerveux supé¢rieurs au cours du diabéte pancréatique 
expérimental. Compt. rend. soc. biol., 1928, xcix, 1053. 

(275) La Franca. Zeitschr. exp. Path. Therap., 1909, vi, 1. Quoted from P. 
TRENDELENBURG, Die Hormone, 1930. 

(276) LanceckerR, H. Beeinflussung der Resorption vom Magen- Darmkanal aus 
durch Galle. Arch. Exp. Path. Pharm., 1928, exxxvi, 257. 

(277) Laneretpt, E. II. Conditions of action of liver diastases. Journ. Biol. 
Chem., 1921, xlvi, 391. 

(278) Lascu, F. anv S. Briigex. Uber die Steigerung der peroralen Traubenzu- 
ckerresorption durch Saponin. Arch. Exp. Path. Pharm., 1926, exvi, 7. 

(279) LaurBeRGER, V. Theorie der Insulinwirkung. Klin. Wochenschr., 1924, 
ili, 264. 

(280) LaursBerGerR, V. Versuche iiber Insulinwirkung. Zeitschr. ges. exp. Med., 
1924, xlii, 570. 

(281) Lawrence, R. D. Effect of insulin on the sugar content of arterial and 

venous blood. Brit. Med. Journ., 1924, i, 516. 














CARBOHYDRATE METABOLISM 267 


(282) Lesser, E. J. Beeinflussung der endozellularen Wirksamkeit der Leber- 
diastase durch Pankreasextirpation. Biochem. Zeitschr., 1914, lv, 355. 
Lesser, E. J. anp K. Zipr. Sind pankreasdiabetische Lebern adre- 
nalinempfindlich? Biochem. Zeitschr., 1923, exl, 435. 

(283) Lesser, E. J. Mechanismus der Zuckermobilisierung durch das Adrenalin. 
Biochem. Zeitschr., 1920, cii, 304. 

(284) Lesser, E. J. Raumliche Trennung von Glykogen und Diastase in der 
Leberzelle. Biochem. Zeitschr., 1921, cxix, 108. 

(285) Lesser, E. J. anp K. Zipr. Zuckerbildung der Froschleber durch homologe 
Alkohole, I, II. Biochem. Zeitschr., 1923, cxl, 439; clvi, 161. 

(286) Lesser, E. J. Gaswechsel der Maus nach Injektion von Zuckerlésungen 
und Insulin. Biochem. Zeitschr., 1924, cliii, 39. 

(287) Lesser, E. J. Untersuchungen iiber Diastasesekretion. Biochem. Zeit- 
schr., 1927, elxxxiv, 125. 

(288) Lesser, E. J. Beschleunigung der Zuckerbildung in der herausgeschnit- 
tenen Froschleber durch Strukturzerstérung. Biochem. Zeitschr., 
1927, exci, 175. 

(289) Lesser, E. J. anpD R. Ammon. Kohlehydratstoffwechsel der weissen Maus 
mit und ohne Insulin. Biochem. Zeitschr., 1928, ccii, 294. 

(290) Levens, P. A. ano A. L. Raymonp. Hexosediphosphate. Journ. Biol. 
Chem., 1928, Ixxx, 633. Structure of Robison ester. Journ. Biol. Chem., 
1929, Ixxxi, 279. 

(291) Lewis, J.T. Action de|’insuline sur les rats privés des surrenals. Compt. 
rend. soc. biol., 1923, lxxxix, 1118. 

(292) Lewis, J.T. anpD M. Macenta. Sur les mécanismes de récupérations de la 
glycémie aprés l’action de l’insuline. Compt. rend. soc. biol., 1925, 
xcii, 821. 

(293) Lies, C. anp M. Muuinos. Further observations on sodium iso-amyl- 
ethyl-barbiturate. Proc. Soc. Exp. Biol. Med., 1929, xxvi, 709. 

(294) Lorw1, O. Strukturfixierung der Glucose. Naturw., 1927, xv, 93. Insu- 
lin and Glykaemin. Klin. Wochenschr., 1928, vii, 629. 

(295) Lonmann, K. Hydrolyse des Glykogens durch das diastatische Ferment 
des Muskels. Biochem. Zeitschr., 1926, clxxviii, 444. 

(296) Loumann, K. Vorkommen und Umsatz von Pyrophosphat in Zellen. 
I, II, III. Biochem. Zeitschr., 1928, ccii, 466; cciii, 164,172. Uber die 
Pyrophosphatfraktion im Muskel. Naturwissenschaften, 1929, xvii, 
624. 

(297) Lone, C. N. H. ann R. Grant. Mechanism of recovery process after 
exercise. Proc. Amer. Soc. Biol. Chem., 1930, vii, 58. Journ. Biol. 
Chem., 1930, Ixxxix, 553. 

(298) LuckHarpt, A. B. anp T. KoppAnyr. Studies on the hemodynamic action 
of subcutaneously injected epinephrin. Amer. Journ. Physiol., 1927, 
Ixxxi, 436. 

(299) Lunpsa@aarp, C. ano S. A. Hotsguy. Effect of insulin and muscle tissue 
on glucose in vitro. Journ. Biol. Chem., 1924, lxii, 453. 

(300) LunpsegaarD, E. Untersuchungen iiber die Muskelkontraktion ohne 
Milchsaiurebildung. Biochem. Zeitschr., 1930, cexvii, 162. 








; 
; 
H 
f 
s 
f 
t 
. 
f 








268 CARL F. CORI 


(301) Lusk, G. anp J. A. Ricne. VIII. The alleged influence of the adrenals on 
diabetic metabolism. Arch. Int. Med., 1914, xiii, 673. 
(302) Lusx, G. Die Energiequelle der Muskelarbeit. Biochem. Zeitschr., 1925, 
elvi, 334. 
(303) Lyman, R.S8., E. Nichots anp W.S. McCann. Respiratory exchange and 
blood sugar curve of normal and diabetic subjects after epinephrine and 
insulin. Journ. Pharm. Exp. Therap., 1923, xxi, 343. 
(304) Mactzop, J.J. R. Blood glycolysis. Journ. Biol. Chem., 1913, xv, 497. 
(305) Mactzop, J. J. R., E. L. NoBpte anp M. K. O’Brien. Influence of ingulin 
on glycogen content of the liver and muscles during hyperglycemia. 
Trans. Roy. Soc. Can., 1924, Sec. V, xviii, 129. 
(306) Macteop, J. J. R. Physiology of glycogen. Lancet, 1929, ii, 1, 55, 107. 
(307) Mann, F. C. anp T. B. Macartu. Studies on the physiology of the liver. 
II. Effect of removal of the liver on the blood sugar level. Arch. Int. 
Med., 1922, xxx, 73. 
(308) Mann, F. C. anp T. B. Macatu. IV. Effect of total removal of the liver 
after pancreatectomy on the blood sugar level. Arch. Int. Med., 1923, 
xxx, 797. 
(309) Mann, F.C. anp T. B. Macatu. VI. Effect of insulin on the blood sugar 
following total and partial removal of the liver. Amer. Journ. Physiol., 
1923, Ixv, 403. 
(310) Mann, F. C. Effect of complete and partial removal of the liver. Medi- 
cine, 1927, vi, 419. 
(311) Mann, F. C. anp W. M. Bootuspy. XVI. Respiratory quotient and basal 
metabolism rate following removal of the liver and injection of glucose. 
Amer. Journ. Physiol., 1928, Ixxxvii, 486. 
(312) Mann, F.C. The relation of the liver to metabolism. The Harvey Lect., 
1927-28, xxili, 49. 
(313) Mann, F. C. anp J. L. Botumann. Relation of the liver to utilization of 
fructose. Amer. Journ. Physiol., 1930, xciii, 671. 
(314) Markowitz, J. Glyconeogensis. Amer. Journ. Physiol., 1925, lxxiv, 22. 
(315) Marxowi1Tz, J. anD W. R. Camppetu. Fate of dihydroxyacetone in the 
animal body. Amer. Journ. Physiol., 1927, lxxx, 548. 
(316) Marxowirz, J. II. Effect of glucose on the excretion of phosphate in 
depancreatized dogs. Amer. Journ. Physiol., 1926, Ixxvi, 525. 
(317) Marxowir1z, J. anD 8. Sosxin. A simplified technique for hepatectomy. 
Proc. Soc. Exp. Biol. Med., 1927, xxv, 7. 
(318) Markowitz, J. Respiratory exchange of diabetic and non-diabetic dogs 
following hepatectomy. Amer. Journ. Physiol., 1927-28, lxxxiii, 698. 
(319) Markowitz, J., F.C. Mann anv J. L. Botuman. The glycogenic function 
of skeletal muscle in the dehepatized dog with special reference to the 
role of insulin therein. Amer. Journ. Physiol., 1929, lxxxvii, 566. 
(320) Markowitz, J. anD F.C. Mann. Role of the liver and other abdominal 
viscera in the destruction of epinephrine in the body. Amer. Journ. 
Physiol., 1929, Ixxxix, 176. 
(321) Masine, E. Zuckermobilisierung in der itiberlebenden Leber. Arch. Exp. 
Path. Pharm., 1912, Ixix, 431. 




















CARBOHYDRATE METABOLISM 269 


(322) Mazzocco, P. anp V. Morere. Action de |’insuline sur la composition du 
sang. Compt. rend. soc. biol., 1924, xci, 30. 

(323) McCancr, R. A. anpD K. Mappers. Comparative rates of absorption of 
sugars from the human intestine. Biochem. Journ., 1930, xxiv, 795. 

(324) McCormick, N. A., J. J. R. Macteop ano M. K. O’Brizn. Possible control 
of the internal secretion of insulin by the vagus nerve. Trans. Roy. 
Soc. Canada, 1923, Sect. V, xvii, 57. 

(325) McCormick, N. A. ano J. J. R. Mactxop. Influence of insulin on glycogen 
formation in normal animals. Trans. Roy. Soc. Canada, 1923, Sect. V, 
xvii, 63. 

(326) McGratu, J. Quoted from E. J. Lesser. Wirkungsmechanismus des 
Insulins. Verh. Deutsch. Pharm. Gesellsch., 1927, pp. 24. 

(327) MenpeEt, B., W. Eneet anp I. GotpscuerpEeR. Der Milchsiuregehalt des 
Blutes. Klin. Wochenschr., 1925, iv, 306, 804. 

(328) Mreyeruor, O. Kohlehydrat- und Milchsiureumsatz im Froschmuskel. 
Pfliiger’s Arch., 1920, clxxxii, 284. 

(329) Mreyernor, O. Uber die Milchsaiurebildung bei Muskelkontrakturen. 
Klin. Wochenschr., 1924, iii, 392. 

(330) Meyernor, O., K. LonmMANN AND R. MerEr. Uber die Synthese des Kohle- 
hydrates im Muskel. Biochem. Zeitschr., 1925, clvii, 459. 

(331) Meyernor, O. Beobachtungen iiber die Methlyglyoxalase. Biochem. 
Zeitschr., 1925, clix, 432. 

(332) Mreyernor, O. anp K, Lonpmann. Uber Atmung und Kohlehydratumsatz 
im tierischen Gewebe. I. Biochem. Zeitschr., 1926, clxxi, 381. 

(333) Mreyernor, O. anpD K. Lonmann. III. Uber den Unterschied von d- and 1- 
Milchsaiure fiir Atmung und Kohlehydratsynthese im Organismus. 
Biochem. Zeitschr., 1926, clxxi, 421. 

(334) Mryrernor, O. Uber die enzymatische Milchsdurebildung im Muskelex- 
trakt. Biochem. Zeitschr., 1926, clxxviii, 395. II. Spaltung der 
Polysaccharide und der Hexosediphosphorsaure. Ibid., 1926, elxxviii, 
462. III. Milchsiurebildung aus den girfahigen Hexosen. Ibid., 1927, 
elxxxiii, 176. Mryrruor, O. anp K. Loumann. IV. Spaltung der 
Hexosemonophosphorsiauren. Biochem. Zeitschr., 1927, clxxxv, 113. 

(335) Mriityorat, A. T. anpD W. H. Coampers. Effect of insulin on protein metab- 
olism. Journ. Biol. Chem., 1928, lxxvii, 595. 

(336) Minxowsk1, O. Einfluss der Leberextirpation auf den Stoffwechsel. Arch. 
Exp. Path. Pharm., 1886, xxi, 41. 

(337) Mouiror, H. anp L. Potuak. Versuche an der vorgelagerten Leber. I. 
Einfluss von Adrenalin und Insulin auf die Zuckerabgabe und Gly- 
kogenhaushalt der Leber. Arch. Exp. Path. Pharm., 1930, cliv, 280. 

(338) Moraan, W. T. J. anp R. Ropinson. Constitution of hexosediphosphoric 
acid. II. Biochem. Journ., 1928, xxii, 1270. 

(339) Murpny, J. B. anp J. A. Hawkins. Comparative studies on the metabo- 
lism of normal and malignant cells. Journ. Gen. Physiol., 1925, viii, 
115. 

(340) Nagano, J. Zur Kenntnis der Resorption einfacher, im besonderen 
stereoisomerer Zucker im Diinndarm. Pfliiger’s Arch., 1902, xc, 389. 








- 
¥ 
: 





pk gis 3th intagalinaale 





270 CARL F. CORI 


(341) Nakasuima, M. Stoffwechsel der Fischnetzhaut bei verschiedenen Tem- 
peraturen Biochem. Zeitschr., 1929, eciv, 479. 

(342) Nasu, T. P., Jk. Phlorhizin diabetes. Physiol. Rev., 1927, vii, 385. 

(343) Nevpaver, O. Uber den Abbau der Aminosiuren etc. Deutsch. Arch. 
Klin. Med., 1909, xev, 211. 

(344) Nevsera, C. Uber die Zerstérung von Milchsiurealdehyd und Methy]l- 
glyoxal durch tierische Gewebe. Biochem. Zeitschr., 1914, lxxxviii, 
145. 

(345) Neusere, C. anp A. GorrscHALK. Quantitative Untersuchungen iiber 
die Bildung und Herkunft des Acetaldehyds im intermediiren Stoff- 
wechsel des Warmbliiters. Biochem. Zeitschr., 1924, cxlvi, 164. 

(346) Neupere, C. anp M. Kosei. Desmolytische Bildung von Methylglyoxal 
durch Hefeenzym. Biochem. Zeitschr., 1928, cciii, 463. Isolierung 
von Methylglyoxal bei der Milchséuregiirung. Ibid., 1929, cevii, 232. 

(347) Neusexe, C.,M. Kopet anp H. Laser. Mechanismus der Zuckerspaltung 
in Tumor und embryonalen Gewebe. Zeitschr. Krebsf., 1930, xxxii, 92. 

(348) Neunavus, C. Uber den Stoffwechsel des Granulationsgewebes. Beitr. 
path. Anat., 1929, Ixxxiii, 383. 

(349) Neuwirtn, I., CoTur anp G. B. Wauuace. The so-called hyperglycemic 
action of insulin. Proc. Soc. Exp. Biol. Med., 1929, xxvii, 194. 

(350) Nisu1,M. Glykogenbildung in der Leber pankreasdiabetischer Schildkré- 
ten. Arch. Exp. Path. Pharm., 1910, lxii, 170. 

(351) Nose, E.C. anp J. J.R.Macteop. Does insulin influence the glycogenic 
function of the perfused liver of the turtle? Journ. Physiol., 1923, 
lviii, 33. 

(352) Noreaarp, A. anp T. E. H. Tayson. Investigations on the effect of 
intravenous insulin injection. Hosp. tid., 1929, ii, 881. 

(353) O’Brien, M. K. Quoted from Macieop, Carbohydrate metabolism and 
insulin. 1926, pp. 177. 

(354) Otmstep, J. M.D. anp H.S. Coutrnarp. An attempt to strike a balance 
of carbohydrate metabolism at a time of rapid changes in blood sugar 
and liver glycogen. Amer. Journ. Physiol., 1928, lxxxiii, 513. 

(355) Otmstep, J. M. D. anp G. GiraGossintz. Effect of amytal anesthesia on 
glucose tolerance. Proc. Soc. Exp. Biol. Med., 1929, xxvii, 103. 

(356) Osporne, T. B. anp L. B. MenpEL. Nutrition and growth on diets highly 
deficient or entirely lacking in preformed carbohydrates. Journ. Biol. 
Chem., 1924, lix, 13. 

(357) OsterBerG, H. E. Estimation of glycogen in small amounts of tissue. 
Journ. Biol. Chem., 1929, Ixxxv, 97. 

(358) Paascn, G. anD H. Reinwein. V. Einfluss von Thyroxin, Adrenalin und 
Insulin auf den Sauerstoffverbrauch von iiberlebenden Rattenzwerch- 
fell. Biochem. Zeitschr., 1929, ccxi, 468. 

(359) Parmer, W. W. Concentration of dextrose in tissues of normal and dia- 
betic animals. Journ. Biol. Chem., 1917, xxx, 79. 

(360) Parnas, J. K. Uber das Schicksal der stereoisomeren Milchsiuren im 
Organismus des normalen Kanninchens. Biochem. Zeitschr., 1912, 
xxxvill, 531. 











CARBOHYDRATE METABOLISM 271 


(361) Parnas, J. K. Kohlenhydratstoffwechsel der isolierten Amphibienmus- 
keln. III. Umsatz im Muskel pankreasdiabetischer Tiere. Biochem. 
Zeitschr., 1921, exvi, 89. 

(362) Pautesco, N. Le glycogéne dans le diabéte par l|’éxtirpation du pancréas. 
Compt. rend. soc. biol., 1920, lxxxiii, 562. 

(363) Peruzweie, D. A., E. Latnam anp C. 8S. Keerer. Behavior of inorganic 
phosphates in the blood and urine of normal and diabetic subjects 
during carbohydrate metabolism. Proc. Soc. Exp. Biol. Med., 1923, 
xxl, 33. 

(364) Peserico, E. On the muscle glycogen of the diabetic dog during rest and 
work. Proc. Internal. Physiol. Congress., 1926, pp. 126. Arch. fisiol., 
1926. Suppl. xxiv, 708. 

(365) Perers, J. P. anp H.R. Geyeuin. Relation of adrenal hyperglycemia to 
decreased alkaline reserve of the blood. Journ. Biol. Chem., 1917, 
xxxi, 471. 

(366) Pririiger, E. Das Glykogen. Bonn, 1905. 

(367) Prerce, H. B., H. S. Oscoop anp J. B. Potanssxky. Absorption of glucose 
from the alimentary tract of rats deprived of the vitamin B complex. 
Journ. Nutr., 1929, i, 247. 

(368) Potuakx, L. Glykogenbildung bei Karenzkaninchen unter dem Einfluss 
von Adrenalin. Arch. exp. Path. Pharm., 1909, lxi, 166. 

(369) Potuak, L. Physiologie und Pathologie der Blutzuckerregulation. 
Ergebn. inn. Med. Kinderheilk, 1923, xxiii, 337. 

(370) Power, M. H. anv T. A. Cuawson, Jr. Free sugar in liver and muscle 
tissue. Journ. Biol. Chem., 1928, lxxviii, 56. 

(371) Przyuecki, 8. J. anp J. Woscix. VII. The system glycogen-amylase-liver 
tissue. Biochem. Journ., 1928, xxii, 1302. 

(372) Pucnr-ALvarez, J. El sistema nervioso autonomo en la regulacion de la 
glucemia. Barcelona, 1927. 

(373) Rasinovitcn, I. M. anp E. V. Bazin. Arterial and venous blood sugars 
and respiratory quotient-time curves of diabetics following insulin 
administration. Brit. Journ. Exp. Path., 1927, viii, 302. 

(374) Rapport, D. III. Utilization of the ‘‘waste heat’’ of metabolism in mus- 
cular exercise. Amer. Journ. Physiol., 1929, xci, 238. 

(375) Rein, H. Interferenz der vasomotorischen Regulationen. Klin. Wochen- 
schr., 1930, ix, 1485. 

(376) RicHarpson, H. B., E.SHorr anp R.O. Logseu. Tissue metabolism. II. 
Respiratory quotient of normal and diabetic tissue. Journ. Biol. 
Chem., 1930, Ixxxvi, 551. 

(377) Riecet,C. Formation of lactic acid in the body after severe hemorrhage. 

.Journ. Biol. Chem., 1927, Ixxiv, 123. 

(378) Riminaton,C. Isolation of a carbohydrate derivative from serum proteins. 
Biochem. Journ., 1929, xxiii, 430. 

(379) Rinaer, A. I. anp G. Lusk. Entstehung von Dextrose aus Aminosduren 
bei Phlorhizinglykosurie. Zeitschr. physiol. Chem., 1910, lxvi, 106. 

(380) Rincer, A. I., E.M. Franket anv L. Jonas. Chemistry of gluconeogene- 
sis. IV. Fate of succinic, malic and malonic acids in the diabetic 
organism. Journ. Biol. Chem., 1913, xiv, 539. 








+ 





272 CARL F. CORI 


(381) Ringer, A. I. V. Role of pyruvic acid in intermediary metabolism of 
alanine. Journ. Biol. Chem., 1913, xv, 145. 

(382) Rineer, A. I. anp E. M. Franxer. VI. Effects of acetaldehyde and pro- 
pylaldehyde on sugar formation and acidosis in the diabetic organism. 
Journ. Biol. Chem., 1913-14, xvi, 563. 

(383) Rospison, R. A new phosphoric ester produced by the action of yeast 
juice on hexoses. Biochem. Journ., 1922, xvi, 809. Harprn, A. AND 
R. Rosison. A new phosphoric ester obtained by the aid of yeast 
juice. Proc. Chem. Soc., 1914, xxx, 16. 

(384) Rorro, A. H. anp L. M. Correa. Sur |’éxistence d’insulinoide dans les 
tumeurs humaines. Compt. rend. soc. biol., 1927, xevii, 413. 

(385) Rona, P. anp M. Speruine. Untersuchungen iiber den Blutzucker. X. 
Uber die Verteilung der Glucose auf Plasma und Blutkérperchen. 
Biochem. Zeitschr., 1926, clxxv, 253. 

(386) Ronzont, E., I. Korcnic anp E. P. Eaton. III. Role of lactic acid in the 
acidosis of anesthesia. Journ. Biol. Chem., 1924, lxi, 465. 

(387) Roruscuitp, P. Atmung von Kaltbliitermuskulatur in Gegenwart von 
Zucker und Hormonen. Biochem. Zeitschr., 1930, ccxvii, 365. 

(388) Sanyun, M. anp J. M. Luck. Influence of epinephrine and insulin on the 
distribution of glycogen in rabbits. Journ. Biol. Chem., 1929, lxxxv, 1. 

(389) Sansum, W. D. ano R. T. Woopyarr. V. A study of narcotic drugs in 
phlorhizin diabetes. Journ. Biol. Chem., 1915, xxi, 1. 

(390) Sarton, H. X. Einfluss des Pankreashormons auf Leber- und Muskelgly- 
kogen. Tohoku Journ. Exp. Med., 1929, xiii, 6. 

(391) Scnenx, P. Uber die Wirkungsweise des 8-Imidazolathylamins (Histamin). 
II. Arch. Exp. Path. Pharm., 1922, xcii, 34. 

(392) Scutossmann, H. Uber den Stoffwechsel der Leukocyten. Biochem. 
Zeitschr., 1930, ecxix, 463. 

(393) Scumipt, A. A. Uber den Mechanismus der Insulinwirkung. Arch. Exp. 
Path. Pharm., 1930, cliii, 79. 

(394) ScndnporFF, B. Uber den Maximalwerth des Gesamtglykogengehalts 
von Hunden. Pfliiger’s Arch., 1903, xcix, 191. 

(395) Suimipzv, K. Quantitative Messungen der Adrenalinsekretion nach dem 
Zuckerstich und nach Vergiftungen. Arch. Exp. Path. Pharm., 1924, 
cili, 52. 

(396) Simpson, W. W. anv J. J. R. Mactgop. The intermediate products of 
postmortem glycogenolysis in mammalian muscle and liver. Journ. 
Physiol., 1927, lxiv, 255. 

(397) Ssotuema, B. anp L. Seekues. Zuckerbildung aus dem Methylglyoxal im 
normalen Tierkorper. Biochem. Zeitschr., 1926, clxxvi, 431. 

(398) Soxuey, 8. S. anp F. N. Atuten. I. Time relationship in the changes in 
phosphate excretion caused by insulin and sugar. Biochem. Journ., 
1924, xviii, 1170. 

(399) Somoey1,M. Reducing non-sugars and true sugarin human blood. Journ. 
Biol. Chem., 1927, lxxv, 33. 

(400) Somogyi, M. Distribution of sugar in normal human blood. Journ. Biol. 
Chem., 1928, xxviii, 117. 








Sen ee eee, 


gy 








— 


——— mana 6 LO A 














CARBOHYDRATE METABOLISM 273 


(401) Somocy1, M. The nature of blood sugar. I, II. Journ. Biol. Chem., 1928, 
Ixxx, 733; 1929, Ixxxiii, 157. 

(402) Somoay1, M. Nitrogenous substances in zinc filtrate of human blood. 
Journ. Biol. Chem., 1930, lxxxvii, 339. 

(403) Soskin, 8. Muscle glycogen as a source of blood sugar. Amer. Journ. 
Physiol., 1927, lxxxi, 382. 

(404) Sosxin, S. On the “‘calorigenic action’ of epinephrin. Amer. Journ. 
Physiol., 1927, Ixxxiii, 162. 

(405) Soskin, S. Influence of feeding either fat and lipase or lecithin on sugar 
excretion of depancreatized dogs. Biochem. Journ., 1929, xxiii, 1385. 

(406) Sosxin, 8. Utilization of carbohydrates by totally depancreatized dogs 
receiving no insulin. Journ. Nutr., 1930, iii, 99. 

(407) Straus, H., F. GinrHerR anv R. Fr6uticn. Verainderungen im lonengehalt 
des Bluts unter Insulin. Klin. Wochenschr., 1923, ii, 2337. 

(408) Straus, H. IV. Wirkung von Bluttransfusionen auf den Blutzuckerspiegel 
des Diabetikers. Zeitschr. Klin. Med., 1926, civ, 587. 

(409) STARKENSTEIN, E. Der Mechanismus der Adrenalinwirkung. Zeitschr., 
exp. Path. Therap., 1912, x, 78. 

(410) Stepp, W. anp R. Feuteen. Acetaldehyd ein Bestandteil des normalen 
Harns. Zeitschr., physiol. Chem., 1922, cxix, 72. 

(411) Sreppunn, O. anp H. Scuetipacn. Uber die Ameisensiure als Zwischen- 
produkt der tierischen Zuckerspaltung. Zeitschr. physiol. Chem., 
1912, lxxx, 274. 

(412) Srewart, G.N.anpJ.M.Rogorr. Effect of iletin (insulin) on blood sugar 
content in adrenalectomized animals. Proc. Soc. Exp. Biol. Med., 
1923, xx, 339. 

(413) Straus, W. Uber den Mechanismus der Adrenalinglykosurie. Minch 
Med. Wochenschr., 1909, lvi, 493. 

(414) SunpBeRG, C.G. Sur l]’action de l’insuline aprés |’éxtirption des capsules 
surrenales. Compt. rend. soc. biol., 1923, lxxxix, 807. 

(415) SunpBerG, C. G. On the disappearance of adrenalin from circulating 
blood. Upsala likarefér. férh., 1927, xxxiii, 301. 

(416) Takang, R. Atmung und Kohlehydratumsatz tierischer Gewebe. II. 
Biochem. Zeitschr., 1926, ¢elxxi, 403. 

(417) Taxeucui, 8. Pankreashormon und Mineralstoffwechsel. II. Tohoku. 
Journ. Exp. Med., 1928, xi, 327. 

(418) Takao, T. I. Uber einige Versuche zur Frage der Beeinflussung des 
Kohlehydratstoffwechsel durch Fettzufuhr. Biochem. Zeitschr., 1926, 
elxxii, 272. 

(419) Tatum, A. L. Epinephrine hyperglycemia. Journ. Pharm. Exp. Therap., 
1921, xviii, 121. 

(420) Turenes, C. H. anp A. J. Hockxerr. Effect of pituitary extract upon 
absorption of glucose and iodide. Proc. Soc. Exp. Biol. Med., 1930, 
xxvii, 501. 

(421) Taunserc, T. Intermediirer Stoffwechsel und dabei wirksame Enzyme. 
Skand. Arch. Physiol., 1920, xl, 1. 

(422) Tousto1, E., R. O. Lopsetn, 8. Z. Levine anp H. B. Ricnarpson. Produc- 
tion of lactic acid in diabetes following administration of insulin. 
Proc. Soc. Exp. Biol. Med., 1924, xxi, 449. 











274 CARL F. CORI 


(423) Torntssen, E. anp W. Fiscuer. Methylglyoxal als Abbauprodukt der 
Glykose. Zeitschr. physiol. Chem., 1926, clxi, 254. 

(424) TornisseN, E. anp E. Brinkmann. Uber den oxydativen Abbau der 
Kohlehydrate im Siugetiermuskel, insbesondere iiber die Bildung von 
Bernsteinsiure aus Brenztraubensiiure. Zeitschr., physiol. Chem., 
1930, elxxxvii, 137. 

(425) TravE.Le, J. G. anp J. A. Beure. Effect of insulin upon the rate of 
fermentation of glucose by yeast. Proc. Soc. Exp. Biol. Med., 1924, 
xxi, 478. 

(426) TRENDELENBURG, P. AND K. FLErscHHAvER. Einfluss des Zuckerstichs auf 
die Adrenalinsekretion. Zeitschr. ges. exp. Med., 1913, i, 369. 

(427) TRENDELENBURG, P. Uber den Anteil der Adrenalinsekretion an der 
Zuckerstichwirkung. Pfliiger’s Arch., 1923, cci, 39. 

(428) UNDERHILL, F. P. anp O. E. Crosson. Adrenalin glycosuria and the 
influence of adrenalin upon nitrogenous metabolism. Amer. Journ. 
Physiol., 1906, xvii, 42. 

(429) Van Stryke, D. D. VII. Studies of acidosis. Journ. Biol. Chem., 1917, 
xxxli, 455. 

(430) Veuticu, A. Beitrag zum Experimentalstudium von Nebennieren-Glyko- 
surie. Virchow’s Arch., 1906, clxxxiv, 345. 

(431) Vitua, L. Rolle der Leber wihrend der Insulin-Hypoglykimie. Klin. 
Wochenschr., 1925, iv, 551. 

(432) Virtanen, A. I. Uber die Milchsiuregirung. Zeitschr. physiol. Chem., 
1928, clxxiv, 1. 

(433) Voat, M. Isolierung von Methylglyoxal als Zwischensubstanz bei der 
Glykolyse. Klin. Wochenschr., 1929, viii, 793. 

(434) Warsure, O. Versuche am iiberlebenden Carcinomgewebe. Biochem. 
Zeitschr., 1923, exlii, 317. 

(435) Warsure, O. Uber die Klassifizierung tierischer Gewebe nach ihrem 
Stoffwechsel. Biochem. Zeitschr., 1927, clxxxiv, 484. 

(436) Warsura,O. Stoffwechsel derCarcinomzelle. Verhandl. deutsch. Gesell- 
sch. inn. Med., 1928, xl, 11. 

(437) Warsura, O. Ist die aerobe Glykolyse spezifisch fiir die Tumoren? Bio- 
chem. Zeitschr., 1929, cciv, 482. 

(438) Warsura, O., F. Kusowitz anp W. Curistian. Kohlenhydratverbren- 
nung durch Methimoglobin (Uber den Mechanismus einer Methylen- 
blaukatalyse). Biochem. Zeitschr., 1930, ecxxi, 494. 

(438a) WeinserG, F. Dosierung des Adrenalins bei intravenéser Dauerinfusion. 
Klin. Wochenschr., 1925, iv, 967. 

(439) WenpeL, W.B. Oxidation of lactic acid by dog erythrocytes. Proc. Soc. 
Exp. Biol. Med., 1929, xxvi, 865. Induced oxidation in blood. Haemo- 
globin destruction by methylen blue in lactic acid peroxidation. Ibid., 
1930, xxvii, 625. 

(440) WertHermer, A. Pankreashormon und Zuckerverwertung. Med. Klin., 
1924, xx, 632. 

(441) West, E. S., F. H. Scoartes anv V. L. Peterson. Determination of free 
sugarin blood. Journ. Biol. Chem., 1929, Ilxxxii, 137. 








I 


nw sella mt 

















tl 








CARBOHYDRATE METABOLISM 275 


(442) WiecHMANN, E. Permeabilitét der roten Blutkérperchen fiir Trauben- 
zucker unter besonderer Beriicksichtigung des Diabetes. Zeitschr. 
ges. exp. Med., 1924, xli, 462. 

(443) Wiecumann, E. Uber die Glucosepermeabilitat der peripheren Gewebe 
beim Adrenalindiabetes. Deutsch. Arch. Klin. Med., 1927, cliv, 296. 

(444) WiprzucuowskI, M. Animal calorimetry. 31. Respiratory metabolism 
in phlorhizin diabetes after glucose ingestion. Journ. Biol. Chem., 
1926, Ixviii, 385. Ketones in phlorhizin diabetes. Ibid., 1927, Ixxiii, 
417. 

(445) Wiprzucuowsk1, M. I. Influence of insulin on levulose and glucose 
intravenously administered. Journ. Biol. Chem., 1926, Ixviii, 631. 

(446) WicGLesworts, V. B., C. E. Wooprow, H. Smitn anp L. B. WintEeR. On 
the effect of insulin on blood phosphate. Journ. Physiol., 1923, lvii, 
447. 

(447) Witenko, G. G. Einfluss des Adrenalins auf den respiratorischen Quo- 
tienten und Wirkungsweise des Adrenalins. Biochem. Zeitschr., 1912, 
xlii, 44. 

(448) Witson, R. H. anp H. B. Lewis. Comparative studies on the metabolism 
ofaminoacids. II. Rate of absorption of amino acids from the gastro- 
intestinal tract of the white rat. Journ. Biol. Chem., 1929, Ixxxiv, 511. 

(449) Witson, R. H. anp H. B. Lewis. III. Formation of glycogen after oral 
administration of amino acids to white rats. Journ. Biol. Chem., 1930, 
Ixxxv, 559. 

(450) Woopyart, R. T., W. D. Sansum anp R.M. Witper. Prolonged and accu- 
rately timed intravenous injections of sugar. Journ. Amer. Med. 
Assoc., 1915, Ixv, 2067. 

(451) Wutr, H. Uber die Wirkung von Parasympathicusgiften auf den Blut- 
zucker. Biochem. Zeitschr., 1929, cexiv, 382. 

(452) Youmans, J. B. anp W. H. Trimste. I. Effect of ergotamine on blood 
sugar and epinephrine hyperglycemia of trained unanesthetized dogs. 
Journ. Pharm. Exp. Therap., 1930, xxxviii, 121. 

(453) ZIMMERMANN, F. Beitrige zur Aktivierung des Adrenalins durch Thyroxin. 
Biochem. Zeitschr., 1929, cevi, 369. 

(454) Zunz E. anp J. LA Barre. Sur l’augmentation de la teneur en insuline du 
sang veneux pancréatique aprés injection d’adrenaline. Compt. rend. 
soc. biol., 1927, xevi, 710. 

(455) Zunz, E. anp J. La Barre. Sensibilité des centres nerveux supérieurs a 
l’hyperglycémie provoquée par injection de dextrose. Compt. rend. 
soc. biol., 1927, xevi, 1400. 

(456) Zunz, E. anp J. La Barre. Sensibilité des centres nerveux supérieurs 
a l’hypoglycemie provoquée par |’injection d’insuline. Compt. rend. 
soc. bio)., 1928, xcix, 631. Frénation de la sécretion interne pancréa- 
tique au cours de l’hypoglycémie consécutive 4 l’hepatectomie. Ibid., 
1929, cl, 144. 





